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PROGRESS  REPORT 

Project  Summary 


INTRODUCTION 

This  report  describes  the  activities  of  the  Flat-Plate  Solar  Array  (FSA) 
Project  from  November  1981  to  April  1982,  including  the  20th  FSA  Project 
Integration  Meeting  (PIM),  held  on  April  21  and  22,  1982. 

The  FSA  Project,  sponsored  by  the  U.S.  Department  of  Energy  (DOE),  has 
the  responsibility  for  advancing  solar  array  technology  while  encouraging 
industry  to  reduce  the  price  of  arrays  to  a level  at  irtiich  photovoltaic 
electric  power  systems  will  be  competitive  with  more  conventional  power 
sources.  This  responsibility  has  included  developing  the  technology  for 
producing  low-cost,  long-life  photovoltaic  modules  and  arrays*  More  than  100 
organizations  have  participated  in  FSA-sponsored  research  and  development  of 
low-cost  solar  module  manufacturing  and  mass  production  technology,  the 
transfer  of  this  technology  to  industry  for  commercialization,  and  the 
development  and  testing  of  advanced  prototype  modules  and  arrays*  Economic 
analyses  were  used  to  select,  for  sponsorship,  those  research  and  development 
efforts  most  likely  to  result  in  significant  cost  reductions*  Set  forth  here 
is  an  account  of  the  progress  that  has  been  made  during  the  reporting  period* 


SUMMARY  OF  PROGRESS 

Start-up  tests  are  planned  for  July  1982  on  the  silane  portion  of  the 
Union  Carbide  Corp*  (UCC)  experimental  process  system  development  unit  (EPSDU) 
in  Washougal,  Washington,  where  construction  continues  under  UCC  fundin<»*  The 
silane  EPSDU  equipment  title  was  transferred  to  UCC  in  exchange  for  EPSDU 
operational  data.  The  research  study  of  silane-to-silicon  deposition  in  an 
experimental  2^in*-dia  fluidized-bed  reactor  has  been  successfully  completed* 

Hemlock  Semiconductor  Corp*  continues  to  operate  its  process  development 
unit  (PDU)  integrated  with  a silicon  (Si)  deposition  reactor  from  which  Si  of 
excellent  purity  is  produced. 

Mobil  Tyco  Solar  Energy  Corp.  made  ll*7Z-ef ficient  (AMI  and 
antireflective-coated)  cells  on  edge-defined  film-fed  growth  (EFG)  ribbons 
gro%m  at  high  speed  (3*5  cm/min). 

Kayex  Corp.  completed  its  efforts  on  advanced  Czochralski  silicon-ingot 
growth  which  included  automated  growth  of  five  13-cm-dia  ingots  totaling  150 
kg  from  one  crucible*  The  crucible  was  replenished  with  chunk  ^^ilicon  after 
each  ingot  pull  without  cooling  dowTi  the  furnace* 

Progress  continues  on  experimentation  with  ethylene  methyl  acrylate  as  a 
possible  encapsulation  pottant;  on  faster,  lower  temperature  curing  agents  for 
ethylene  vinyl  acetate;  on  a primer  for  bonding  poly-n-butyl  acrylate  to 
glass;  on  UV  absorbers  for  pottants,  and  on  encapsulant  material  durability 
and  life  testing* 
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¥iv«  months  of  outdoor  soiling  on  untrontod  glass  (Sunadax)  rasultad  in 
a 3X  loss  of  currant  a Sunadax  glass  traatad  *rith  a fluorinatad 

natarial  caused  a loss  of  only  0.5X  in 

Wastinghouse  Electric  Corp.  has  coaiplatad  its  rolling-spot  ultrasonic 
bonding  technique  activities  with  the  completion  of  its  fabrication  machine. 

University  of  Pennsylvania  has  completed  its  assessment  of  metallisation 
design  optimisation  methods.  JPL  has  also  performed  metallisation  pattern 
studies. 

Proposed  photovoltaic  module  design  safety  requirements  were  accepted  in 
principle  by  the  voting  members  of  the  National  Electrical  Code  (NBC) 

Panel  3.  It  is  expected  that  the  proposed  1984  code  will  be  released  for 
public  comment  in  June  1982. 

Progress  continues  in  research  on  electrical  and  fire-safety 
requiremerts;  protective  bypass  diodes  for  modules;  determining  appropriate 
power-conditioning  voltage,  current,  and  power  levels  versus  array  parameters; 
integrated  residential  arrays,  and  module  engineering  activities  including 
cell-reliability  testing,  module  voltage  isolation,  interconnect  fatigue, 
cell-fracture  mechanics,  and  reliability/durability  studies. 

Six  contractors  completed  Block  V module  preliminary  designs.  No 
contracts  were  awarded  for  prototype  module  fabrication  becauae  of  a lack  of 
funds. 


Six  sets  of  modules  were  tested  to  Block  V specifications  for  the 
Georgetown  Project.  The  results  have  been  provided  to  Georgetown  University 
and  Oak  Ridge  operations  personnel. 
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PROJECT  ANALYSIS  AND  INTEGRATION  AREA 

INTRODUCTION 

The  objective  of  the  Projer  Analysis  and  Integration  Area  is  to  support 
the  planning,  analysis,  integration,  and  decision-awking  activities  of  the 
Project*  This  is  done  by  developing  and  docuawoting  Project  plans,  and  by 
contributing  to  the  generation  and  developawnt  of  alternative  Project  plana 
through  the  assesssier*t  of  technology  options;  by  establishing  standards  for 
econonic  cosiparisca  of  options  under  Project  study  and  developing  the  analyti- 
cal capabilities  to  perfom  the  trade-offs  required;  by  supporting  the  integra- 
tion of  the  tasks  within  the  Project  and  betsreen  the  Project  and  other  eleaents 
of  the  National  Photovoltaics  Progran,  and  by  providing  coordinated  assessawnts 
of  progress  toward  the  achieveaient  of  Project  goals  by  the  various  areas  of  the 
Project  working  with  the  solar-array  nanufacturing  industry  and  the  National 
Photovoltaics  Program. 


SUMMARY  OF  PROGRESS 

In  November  1981  a two-day  short  course  on  the  effective  use  of  SANICS 
was  presented.  Thirteen  companies  including  several  outside  the  National 
Photovoltaics  Program  sent  representatives  to  the  course,  representin'*  a nix 
of  program  managers,  engineers,  and  financial  analysts.  The  theory  derlying 
the  SAMICS  approach  to  computing  required  levenue  prices  was  presented.  The 
course,  however,  emphasised  practical  applications  of  the  use  of  SANICS  by 
means  of  detailed  explanations  and  demonstrations.  A suimnary  of  course 
material  has  been  documented:  Solar  Array  Manufacturing  Industry  Costing 

Standards  (SAMICS),  Short  Course,  JPL  Document  Nc.  5101-196. 

SAMIS  Release  4 preparation  and  documentation  was  a isajor  undertaking 
since  the  last  PIM.  Significant  changes  in  SAMIS  have  been  incorporated  in 
the  new  release: 

(1)  The  SAMIS  cost  catalog  has  been  revised  and  upd.^ted,  including  the 
section  on  effluent  requirement  costa,  which  are  now  derived  by 
specifying  effluent  quantities  as  byproducts  on  Format  A's. 

(2)  The  financial  reports  have  been  improved  by  revisions  in  the 
one-time  costs  model  nnd  the  inclusion  of  year-by-year  financial 
reports. 

(3)  The  input  formats  have  been  redesigned  and  the  User's  Manual, 
Design  Document,  and  the  computer  Source  Codes  have  all  been 
updated. 

(4)  A companion  document,  Suwnarv  Guide  to  Lsin^  SAMIS,  is  being  dis- 
tributed as  part  of  SAMIS  Rel.*as*  4 along  with  an  abridged  version 
of  the  Cost  Account  Catalog.  The  former  should  enable  the  first- 
time  user  to  operate  the  program  more  readily. 
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The  SAMIS  Release  A docuaente  and  reference  nuabera  are: 

SAMIS  User* a Reference  Card«  JPL  Docuaenc  Ho.  5101-183. 

SAMIS  Uaer*e  Guide,  JPL  Docuaent  No.  5101-60. 

SAMIS  Deaign  Docuaent.  Reviaion  C«  JPL  Docuaent  No.  5101-70. 

SAMIS  Coaputer  Prograa  Source  Code,  Revision  C,  JPL  Docuaent 

No.  5101-71. 

SAMIS  Cost  Account  Catalog  (revisions  are  on  line). 

SuMsary  Cuide  to  Using  SAMICS,  JPL  Docuaent  No.  5101-193. 

Abridged  Cost  Account  Catalog,  JPL  Docua«nt  No.  5101-191. 

An  introduction  to  the  SIMRAND  (SIHulation  of  Research  ANd  Developaent) 
coaput it  prograa  has  been  published  (JPL  Docuaent  No.  5101-20A).  SIMRAND  was 
desif;:  ed  as  a aanageaent  tool  for  ranking  alternative  R&D  project  tasks.  The 
aothoDlogy  uses  analytical  techniques  of  probability  theory,  decision 
analysis,  and  coaputer  siaulation  to  select  an  optiaal  set  of  R&D  tasks. 

Analysis  of  optiaal  aanpower  requiresants  and  downtiae  of  industrial  PV 
aenufacturing  equipaent  was  initiated  at  the  beginning  of  the  quarter.  A 
isethodalogy  was  designed  to  estimate  requirements  based  on  the  adaptation  of  a 
queueing  model  to  a probabilistic  production  costing  model  for  electric  power 
systeiBS.  A computer  program  that  incorporates  the  new  methodology  has  been 
implemented  on  a microcomputer  system. 

An  economic  assessment  of  the  Westinghouse  MEPSDU  is  nearing  completion. 
Differences  between  Westinghouse  and  FSA  data  inputs  have  been  reconciled  and 
new  Fcnsat  A's  have  been  processed  for  a SAMICS  analysis  of  a 25-megawatt 
den'ritic-»ieb  factory. 

An  analyst ' of  PV  energy  payback  times  was  presented  at  the  DOE  Annual 
Review  in  Washington.  The  analysis  showed  energy  payback  times  for  modules 
using  technology  that  will  be  available  by  aid-decade  to  be  0.6  to  1.1  years, 
and  system  energy  payback  to  be  two  to  five  years  depending  on  system  effi- 
ciency. Reports  published  in  various  popular  and  technical  journals  have 
asserted  that  PV  energy  payback  times  are  in  the  10-  to  20-year  range.  These 
neglected  to  include  the  advances  in  technology  resulting  from  the  DOE  PV 
program  and  assumed  a uew-technology  status  similar  to  that  in  1974. 

A new  Allocation  Guideline  (AG)  is  being  developed  for  FSA,  This  new  AG 
reflects  revisv  ' priorities  of  the  Photovoltaics  Program  and  includes  guide- 
lines for  PV  rray  subsystems. 

Tl  development  and  validation  of  the  metallisation  grid  design  program 
is  co«  ■ inuing.  Laboratory  verification  of  the  predictions  of  the  grid  design 
pro>'  am  will  be  attempted  in  the  coming  months. 
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During  this  reporting  period  FSA  restructured  a portion  of  its  organisa- 
tion in  order  to  concentrate  its  efforts  toward  research  on  the  key  hi^-riak 
technology  ^s  necessary  for  advancement  of  the  photo^roltaica  industry  in  the 
late  1980s  and  into  the  1990s.  As  a result  of  thii  action  the  Silicon  Material 
and  Large-Area  Silicon  Sheet  Tasks  have  been  reorganised  into  t%io  new  Tasks, 
Advanced  Materials  Research  and  Device  and  Measurements  Research. 

Advanced  Materials  Research  Task 

INTRODUCTION 


The  objective  of  the  Advanced  Materials  Research  Task  is  to  identify  the 
critical  technical  barriers  to  low-cost  silicon  (Si^  purification  and  sheet 
growth  that  must  be  overcome  to  produce  a photovoltaic  cell  substrate  material 
at  a price  consistent  with  FSA  objectives  and  then  to  perform  and  support 
research  and  development  to  address  those  barriers* 

Present  solar-cell  technology  is  based  on  the  use  of  silicon  wafers 
obtained  by  ID  slicing  of  Czochralski  (C2>-grown  ingots  from  Siemens-reactor- 
produced  semiconductor-grade  silicon.  This  method  of  obtaining  single-crystal 
silicon  wafers  is  tailored  to  the  needs  of  large-volume  semiconductor  device 
production  (e.g.,  integrated  circuits  and  discrete  power  and  control  devices 
other  than  solar  cells).  The  small  market  offered  by  present  solar-cell  users 
does  not  justify  industry's  development  of  the  high-voltane  silicon  production 
techniques  that  would  result  in  low-cost  i^otovoltaic  electrical  energy. 

It  is  important  to  develop  and  demonstrate  the  feasibility  of  several 
processes  for  producing  refined  silicon  and  sheet  material  suitable  for  long- 
life, high-efficiency  solar  photovoltaic  energy  conversion.  To  meet  the 
objective  of  FSA,  s»>fficient  research  must  be  performed  on  a numbe*  of  tech- 
niqxics  to  determine  the  capability  of  each  of  producing  large  areas  of 
crystallized  silicon  at  a low,  competitive  cost.  The  sheet-growth  configura- 
tions must  be  suitable  for  direct  incorporation  into  an  automated  solar-array 
industry  scheme. 

FSA- funded  improvements  of  the  standard  Czochralski  ingot-growth  process 
b'^  reduction  of  expendable  material  costs  and  improvement  of  ingot  growth  rate 
together  with  improved  slicing  techniques  have  developed  the  technology  so 
that  large  areas  of  silicon  can  be  produced  at  costs  approaching  the  1982  FSA 
goals.  Growth  of  large  ingots  by  casting  techniques,  such  as  the  ubiquitous 
crystallization  process  (UCP),  may  reduce  sheet  costs  further. 

Research  and  development  of  multiblade,  multiwire,  and  inside-diameter 
blade  ingot  cutting,  initiated  in  1975-76,  was  terminated  recently  in 
accordance  with  DOE  guidelines. 
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Growth  of  crystalline  silicon  material  in  a geometry  that  does  not 
require  cutting  to  achieve  proper  thickness  is  an  obvious  way  to  eliminate 
costly  processing  and  material  waste.  Growth  techniques  such  as  edge-defined 
film-fed  growth  (EFG)  and  dendritic-web  growth  (%reb)  arc  candidates  for  such 
solar-cell  material. 


Advanced  Materials  Research  Contracts 

Ongoing  research  and  development  contracts  awarded  for  semiconductor- 
grade  silicon  processes  and  for  growing  crystalline  silicon  material  for  solar 
cell  production  are  listed  in  Table  1. 

SUMMARY  OF  PROGRESS 
Semiconductor-Grade  Silicon  Processes 

Battelle  Columbus  Laboratories 


Three  contracts  in  this  category  were  active.  Battelle  Columbus 
Laboratories  issued  its  final  report  on  investigating  the  production  of  Si  by 
the  sine  reduction  of  silicon  tetrachloride  (STC).  The  contract  was  given  a 
no-cost  extension  to  the  end  of  December  1981  to  allow  Battelle  to  conduct  a 
conceptual  analysis  of  an  improved  design  developed  from  a critique  of  the 
process  development  unit  (PDU)  that  was  used  to  investigate  the  process* 

Battelle' 8 conceptual  analysis  is  of  four  major  units  of  the  zinc/silicon 
tetrachloride  process  ( fluidized-bed  reactor,  byproduct  condenser,  electro- 
lytic cell,  and  zinc  vaporizer)  and  was  submitted  on  January  14,  1982. 

Operating  failures  and  design  deficiencies  of  the  PDU  were  outlined. 
Modification  of  reactor  designs  was  suggested;  e.g.,  an  inductively  heated 
cold-wall  reactor  was  proposed.  Battelle  emphasized  that  the  overall  process 
concept  was  still  an  attractive  alternative  for  meeting  the  low-cost  goal  in 
silicon  production. 


Hemlock  Semiconductor  Corp. 

Hemlock  Semiconductor  Corp.  is  investigating  a process  for  making 
semiconductor-grade  silicon  (Si)  in  which  dichlorosilane  (DCS)  is  made  from 
trich loros i lane  (TCS)  by  a redistribution  reaction  using  an  organic  amino 
functional  catalyst,  and  the  DCS  is  then  reduced  by  hydrogen  to  produce  Si  in 
a chemical-vapor  deposition  step  using  a Siemens-type  reactor. 

Hemlock  continued  to  operate  the  DCS  process  development  unit  (PDU), 
integrated  with  Si  deposition  reactors,  to  investigate  co-aversion  of  TCS  to  DCS 
and  decomposition  of  the  latter  to  Si.  The  5-in.-dia  redistribution  reactor 
was  used  in  the  ?DU.  At  the  end  of  December  this  reactor  had  produced  54,950 
lb  of  DCS.  Catalyst  performance  hes  been  excellent,  with  no  observable 
degradation  in  performance. 

Lace  in  December  the  PDU  was  shut  down  for  the  holidays.  During  restart 
in  January,  extremely  cold  weather  froze  some  of  the  equipment.  In  the  course 
of  shutting  down  the  unit,  a screen  that  retains  catalyst  in  the  redistribution 
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Table  1.  Advanced  Materials  Research  Task  Contractors 


Contractor 


Technology  Area 


Semiconductor-Grade  Silicon  Processes 


Battelle  Colitmbus  Laboratories  Reduction  of  SiCl4  by  Zn  in 

Columbus*  Ohio  fluidized-bed  reactor 

JPL  Contract  Ho.  954339 

Hemlock  Semiconductor  Corp.  Dichlorosilane  CVD  process 

Hemlock,  Michigan 

JPL  Contract  Ho.  955533 

Union  Carbide  Corp.  Silane-Si  process 

Tonawanda,  Hew  York 
JPL  Contract  Ho.  954334 


Ingot  Technology 


Crystal  Systems,  Inc. 

Salem,  Massachusetts 
JPL  Contract  Ho.  954373 

Kayex  Corp. 

Rochester,  Hew  York 
JPL  Contract  Ho.  955733 

Semix  Inc. 

Gaithersburg,  Maryland 

DOE  Contract  Ho.  DE-F101-80ET  23197 

Silicon  Technology  Corp. 

Oakland,  Hew  Jersey 
JPL  Contact  Ho.  955131 

P.R.  Hoffman  Co. 

Carlisle,  Pennsylvania 
JPL  Contract  Ho.  955563 


Heat  exchanger  method  (HEM) 
ingot  growth;  fixed-abrasive 
slicing  technique  (FAST) 

Advanced  Cz  grotrth  (Adv.  Cz) 


Ubiquitous  crystallization 
process  (UCP) 

Internal  diameter  (ID) 
slicing 

Multiblade  slurry  slicing 
technique  (MBS) 


Shaped  Sheet  Technology 


Mobil  Tyco  Solar  Energy  Corp. 
Waltham,  Massachusetts 
JPL  Contract  Ho.  954355 

Hestinghouse  Electric  Corp. 
Pittsburgh,  Pennsylvania 
JPL  Contract  Ho.  955843 


Edge-defined  film-fed  growth 
(EFG) 

Dendritic  web  growth  (web) 
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Table  1.  Advanced  Materials  Research  Task  Contractors  (Cont'd) 


Supporting  Studies 

Solarelectronicsy  Inc.  Hydrochlorination  of  aietallurg- 

Bellingham,  Massachusetts  ical-grade  Si  and  SiCl4 

JPL  Contract  No.  956061 

Texas  Research  and  Engineering  Institute  Technology  and  economic 

Groves,  Texas  analyses 

JPL  Contract  No.  956045 

University  of  Illinois  Study  of  abrasive  rate  of  Si 

Chicago,  Illinois 

JPL  Contract  No.  956053 


reactor  broke  loose,  allowing  catalyst  to  enter  other  portions  of  the  system, 
including  the  DCS  distillation  column.  The  catalyst  was  flushed  out,  the 
distillation  column  was  repacked,  and  modifications  were  made  to  the  PDU  to 
prevent  recurrence  of  the  accident.  The  PDU  was  nut  back  into  operation  in 
March  and  has  been  operating  well. 

The  Model  IID  Si  deposition  reactor  was  successfully  integrated  with  the 
PDU,  constituting  the  first  operation  of  this  large-sized,  advanced  reactor  on 
DCS.  The  PDU  has  been  feeding  « large-sired  and  an  intermediate-sized  reactor 
simultaneously.  In  the  longest  test,  of  about  90— hour  duration,  a Si  deposi- 
tion rate  of  1.67  g/h*cm  and  a 33. 9X  conversion  of  DCS  to  Si  were  achieved  in 
(2  the  large  reactor.  Both  of  these  values  are  lower  than  the  program  goals 
g/h«cm  and  40X,  respectively),  but  the  testing  of  the  large  reactor  is  still 
in  its  early  stages.  The  purity  of  the  Si  being  produced  (semiconductor-grade) 
is  excellent. 

Si  deposition  on  the  inside  surfaces  of  reactor  bell  jars  h3.s  been 
undesirably  high  in  tests  with  DCS  in  intermediate-sized  reactors,  A system 
by  which  gaseous  HCl  is  introduced  into  the  deposition  reactors  /it  the  ends  of 
runs,  to  etch  the  Si  from  the  walls  preferentially,  was  tested  //.nd  found  to 
operate  as  desired.  Very  little  Si  is  etched  from  the  deposition  rods,  and 
polymer  deposits  on  the  reactor  base  plate  are  stripped,  facilitating  clean-up. 


Union  Carbide  Corp. 

The  Union  Carbide  Corp.  (UCC)  contract  has  the  objective  of  developing  a 
process  capable  of  the  high-volume  production  of  semiconductor-grade  silicon 
suitable  for  terrestrial  solar  cell  manufacture  at  a price  of  less  than  $14/kg 
(1980  $).  The  silane-to-silicon  process  being  developed  by  UCC  starts  with 
metallurgical-grade  silicon  feedstock,  hydrochlorination  of  silicon  feedstock 
with  process-recycled  hydrogen  and  silicon  tetrachloride,  distillation,  and 
redistribution  over  A-21  resin  beds  to  form  pure  silane,  followed  by  silane 
pyrolysis  in  a continuous  fast-deposition  reactor  such  as  a fluidized-bed 
reactor.  The  silane  synthesis  portion  is  under  active  investigation  inUCC's 
own  pilot  plant  at  Washougal,  Washington.  UCC,  under  JPL-DOE  sponsorship,  is 
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pursuing  R&D  studies  of  the  essential  silane  pyrolysis  silicon  deposition  step, 
%ihich  is  inniature  for  industrial  development  at  this  stage  and  is  important  to 
the  development  of  lo%r-cost  polysilicon  technology. 

Silane  EPSDU  work  continues  under  UCC  funding  at  Washougal*  Civil  con- 
tract  and  building  structure,  except  the  silane  decomposer,  were  completed. 
Mechanical  and  electrical  contracts  including  process  piping  connections  are 
under  way.  Start-up  tests  are  planned  for  July  1982.  Congress  and  DOE  author- 
ized JPL  to  transfer  EPSDU  equipment  title  to  UCC  in  exchange  for  silane 
operation  data. 

Kayex  Corp.,  a subcontractor,  submitted  a final  report  (three  volumes) 
on  the  free-space  reactor  powder  melting/consolidation  R&D  study.  UCC  trans- 
mitted to  JPL  3.2  kg  samples  of  silicon  shot  made  from  free-space  reactor 
powders . 

The  fluidized-bed  PDU  was  modified  and  reactivated  with  a new  heating 
system.  Heating  experiments  in  hydrogen  atmosphere  showed  that  bed  tempera- 
tures in  the  650  to  700®C  range  could  be  achieved  while  maintaining  a low 
distributor  temperature  of  about  300^C.  The  temperature  profiles  in  hydrogen 
tests  are  favorable  for  achieving  heterogeneous  deposition  on  particle  surface 
while  minimizing  wall  deposits.  Silane  decomposition  experiments  to  identify 
the  operating  window  are  in  progress.  With  up  to  19%  inlet  silane,  which  has 
a higher  heat  capacity  than  hydrogen,  minor  engineering  modifications  are 
directed  to  maintain  a desirable  temperature  distribution.  Feasibilities  of 
product  withdrawal  and  seed  introduction  during  the  operation  have  been 
successfully  checked  out. 


Ingot  Technology 

Crystal  Systems,  Inc.  (HEM) 

The  Schmid-Viechnicki  technique  (heat-exchanger  method  or  HEM)  was 
developed  to  grow  large  single-crystal  sapphire.  Heat  is  removed  from  the 
crystal  by  means  of  a high- temperature  heat  exchanger.  The  heat  removal  is 
controlled  by  the  flow  of  helium  (the  cooling  medium)  through  the  heat 
exchanger.  This  obviates  motion  of  the  crystal,  crucible,  or  heat  zone.  In 
essence,  this  method  involves  directional  solidification  from  the  melt  where 
the  temperature  gradient  in  the  solid  is  controlled  by  the  heat  exchanger  and 
the  gradient  in  the  liquid  is  controlled  by  the  furnace  temperature.  The 
overall  goal  of  this  program  if  to  determine  whether  the  heat-exchanger  ingot- 
casting method  can  be  applied  to  the  growth  of  large  silicon  crystals  of 
30-nin-cube  dimensions  of  a quality  suitable  for  the  fabrication  of  solar  cells. 
This  goal  is  to  be  accomplished  by  the  transfer  of  sapphire-growth  technology 
(50-lb  ingots  have  already  been  grown),  and  theoretical  considerations  of 
seeding,  crystallization  kinetics,  fluid  dynamics,  and  heat  flow  for  silicon. 

The  draft  final  report  for  the  HEM  portion  of  the  contract  was  sent  to 
JPL  where  it  was  reviewed  and  returned  with  comments.  The  contractor  is 
incorporating  the  suggestions. 
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Kayex  Corp.  (Advanced  Cz) 

In  the  Advanced  Cz  contracts,  efforts  were  directed  toward  developing 
equipment  and  a process  to  achieve  economic  objectives  and  to  demonstrate  the 
feasibility  of  continuous^z  solar-grade  crystal  production.  Kayex  has  already 
demonstrated  the  growth  of  150  kg  of  single-crystal  material,  using  only  one 
crucible,  by  periodic  melt  replenishment. 

The  Advanced  Cz  contract,  initiated  October  1980,  was  completed  April  30. 
It  was  the  last  of  the  FSA  ingot-growth  subcontracts;  it  will  not  be  renewed. 

Experimental  activity  during  this  reporting  period  included  a study  of 
cell-efficiency  distribution  from  the  ingots  of  a 150-kg  ESGU  demonstration 
run;  the  continued  development  of  microprocessor  automation,  especially  sensor 
development  for  the  modified  CG2000  ESGU  grower;  data  collection  from  the  real- 
time ambient  gas  analysis  system  installed  on  the  grower,  and  initial  crucible 
devitrification  observations. 

Solar  cells  were  fabricated  from  wafers  sliced  from  the  tops,  middles  and 
bottoms  of  the  ingots  that  composed  the  150-kg  ESGU  demonstration  growth-run 
product.  Cell  efficiencies  observed  were  higher  than  those  achieved  in  past 
multiple-ingot  rnns.  Conversion  efficiencies  from  the  tops  of  the  ingots 
averaged  1S.3Z,  and  from  the  bottoms,  12 .32,  with  uniform  efficiencies  at  each 
level.  Control  samples  averaged  15*8Z.  These  results  are  promising. 

The  ESGU  was  retrofitted  with  the  Hamco  microprocessor-based  Automatic 
Grower  Logic  (AGILE)  system.  Interfacing  required  the  development  of  improved 
sensors  to  monitor  melt  seeding,  diameter  and  shoulder  control,  and  meltback. 
The  AGILE  system  has  been  successfully  demonstrated  on  three  single-ingot 
growth  runs.  The  melt-level  sensor  is  not  yet  integrated  into  the  closed-loop 
system  on  the  modified  CG2000* 

This  real-time  ambient-gas  analysis  system,  designed  and  built  by  Hamco 
to  monitor  the  effects  of  process  variations  on  ambient-gas  composition,  was 
operated  on  the  ESGU.  A close  correlation  of  system  temperature  with  CO  and 
H2  concentrations  in  the  furnace  was  noted.  High  levels  of  CO  at  initial  melt- 
in  (5000  ppm)  and  spikes  in  CO  (up  to  35,000  ppm)  and  H2  concentrations  at 
crown  meltback  and  recharge  melt-in  were  seen. 

Crucible  breakdown  has  been  suggested  as  a possible  source  of  the  im- 
purities or  particles  that  lead  to  ingot  quality  degradation.  A study  of  the 
devitrification  rosettes  observed  on  the  quartz  crucibles  after  high- 
temperature  use  was  begun.  Hamco  observed  that  (1)  they  have  a structure 
different  from  the  rest  of  the  crucible,  (2)  the  rosette  nucleus  contains  a 
ring  of  small  bubbles,  (3)  the  rosettes  grew  both  radially  and  into  the 
crucible  walls,  and  (4)  the  interior  of  the  rosettes  is  clean  (no  impurities), 
but  the  edges  contain  high  concentrations  of  metals  (up  to  8 1/22  oxide). 

This  program  has  been  successful.  The  achievements  are  a significant 
improvement  over  conventional  Cz  technology.  They  include; 

— 150  kg  from  one  crucible  (5  x 30  kg  ingots) 

— 15-cm-dia  x 37.5  kg  growth  demonstrated 
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~Microprocessor  controls  with  improved  sensors 
"Prototype  equipment  transferable  to  industry 
— After-growth  yields:  90Z  of  melt  pulled 

— 15. 3Z  AMI  in  monocrystal. 

Goals  not  achieved  were  throughput  (2.5  kg/h  goal|  1.5  kg/h  achieved), 
yield  of  monoci>stal  (90Z  goal,  50Z  achieved)  and  recharge  melting  rate  (25 
kg/h  goal,  14  kg/h  achieved).  Additional  developmental  work  on  known  problems 
could  produce  valuable  improvements. 


Semix,  Inc.  (Semicrystalline  Casting) 

The  semi  crystal line  casting  process  is  a Semix  proprietary  process 
yielding  a polycrystalline  silicon  brick  capable  of  being  processed  into 
square  cells  with  efficiencies  typically  90Z  of  those  of  single-crystal  cells. 

A revised  program  was  established  and  is  being  implemented.  It  focuses 
on  the  critical  elements  of  four  components  of  the  Semix  technology:  (1)  high- 
throughput  casting,  (2)  wafering  technologies,  (3)  ingot/wafer  quality  determi- 
nations, and  (4)  efficiency  demonstrations.  Progress  in  each  of  these  will  be 
presented  in  turn. 

Efforts  in  development  of  high-throughput  casting  technology  have  been 
curtailed  because  of  unavailability  of  funds  to  support  the  program;  efforts 
involving  equipment  development  have  suffered  the  most.  Thermal  analyses  of 
the  casting  process  and  related  microstructure  and  efficiency  studies  suggest 
that  there  is  an  extensive  crystalline  order  to  the  Semix  material  in  which 
many  grain  boundaries  are  special  high-order  twin  configurations  exhibiting 
minimal  impact  on  performance;  this  work  is  continuing. 

Wafering  efforts  have  investigated  conventional  multiblade  slicing,  high- 
speed multiblade  slicing,  ID,  and  a new  advanced  wafering  machine.  Efforts  on 
the  multiblade  wafering,  both  conventional  and  high-speed,  have  been  dropped 
during  this  report  period.  Conventional  multiblade  slicing  has  been  dropped 
because  the  analysis  indicates  that  it  cannot  be  made  economically  competitive 
with  ID.  A report  summarizing  results  is  in  preparation.  H?gh-speed  multi- 
blade slicing  efforts  have  been  discontinued  because  the  machine  available 
would  not  perform  reliably.  A 27-in.  Silicon  Technology  Corp.  ID  wafering 
machine  has  successfully  been  put  into  operation  and  is  now  slicing  10  x IS  cm 
wafers,  300  fur  thick,  at  speeds  of  2 1/2  to  3 in. /min.  Thinner  blades  will  be 
required  along  with  some  reduction  in  thickness  to  be  fully  competitive  using 
semicond  1C tor-grade  silicon.  Finally,  a new  advanced  wafering  machine  (details 
proprietary)  has  been  put  into  initial  operation.  No  results  are  available  as 
y t to  determine  its  potential  for  success. 

Efforts  in  material  quality  characterization  have  resulted  in  descrip- 
tions of  a microwave  excitation  technique  that  can  give  information  about 
resistivity  and  lifetime  in  a wafer  by  analysis  of  a decay  of  a pulse.  Results 
indicate  that  the  technique  is  a useful  quality  measurement  tool.  Related 
approaches  for  ingots  are  under  investigation. 

Slow  but  steady  improvements  in  wafer  quality  continue.  The  most  recent 
lot  of  10  X 10-cm  cells  using  new  high-efficiency  processing  technology. 
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including  thinning  and  back-*surface  fields,  has  resulted  in  an  AMI  efficiency 
range  of  11. 8X  to  12.9Z.  Earlier  analyses  indicate  that  $.70/W  could  be 
achieved  at  13X  average  panel  efficiency  using  fully  developed  casting  and 
wafering  technologies. 

The  fourth  quarterly  report  has  been  released  and  the  fifth  has  been 
approved  for  release.  A summary  report  on  conventional  multiblade  slicing  and 
a proof-of-concept  report  have  also  been  approved  for  public  distribution. 


Watering  Technology 

Today  most  silicon  is  sliced  into  wafers  with  an  inside-diameter  sa^* 
one  wafer  at  a time.  Advanced  efforts  in  this  area  are  continuing.  Mult  y 
slicing  uses  reciprocating  blade-head  motion  with  a workpiece  fed  from  bt 
Cutting  is  done  by  5-mil  steel  wires  surrounded  by  a 1.5-mil  copper  sheati 
that  is  impregnated  with  diamond  as  an  abrasive. 

The  multiblade  slurry  technique  is  similar  to  the  raultiwire  slicing 
technique,  except  that  low-carbon  steel  bl«de»  (typically  1 cm  in  height  and  6 
to  8 mils  thick)  are  used  in  conjunction  with  an  abrasive  slurry  mixture  of  SiC 
and  oil. 


Silicon  Technology  Corp.  (ID  Wafering) 

The  slicing  contract  with  Silicon  Technology  Corp*  was  terminated  in 
February  1982. 

Despite  the  foreshortened  program,  substantial  progress  was  made.  Much 
time  was  spent  eliminating  vibration  problems,  which  were  reduced  by  more  than 
a factor  of  2.  Other  chauges  including  replacement  of  bearings,  redirection 
of  the  cool  ant/ lubricant  jet  stream  and  increasing  fluid  pressure;  all  contrib- 
uted to  the  i’- proved  slicing  performance. 

The  wafering  goals  of  the  contract  included  slicing  h-in.-dia  ingots  at 

2.5  in* /min  with  a kcrf-plus-wafer  thickness  of  22  mils  (18  wafcrs/cm)  and 

yield  greater  than  95X.  The  actual  results  for  the  6-in.  ingots  are:  cutting 

rate  of  3.0  in. /min,  kerf-plus-wafer  thickness  of  23  mils  (17  wafers/cm)  and 
yield  of  >95X.  For  the  10  x 10-cm  ingots  the  goals  were  to  slice  at 

1 wafer/min  with  a kerf-plus-wafer  thickness  of  16  mils  (25  wafers/cm)  and 
yield  greater  than  95X.  At  the  end  of  the  program,  two  10  x 10-cm  cross- 
section  ingots  were  sliced  at  2.5  in. /min  and  a kerf-plus-wafer  thickness  of 

23.5  mils  (<17  wafers/cm)  and  yield  >95X.  STC  has  demonstrated  the  ability  to 
slice  25  wafers/cm  of  10-cm-dia  ingots,  but  the  slicing  rates  were  lower. 

Other  areas  of  investigation  included  a blade  development  program  that 
involved  using  thinner  blades  and  changing  the  diamond  profile  of  the  blade, 
varying  the  TP/OD  ratio  and  changing  the  plating  parameters.  Some  work  was 
also  done  in  modifying  the  fluid  mixture  to  improve  the  slicing  performance. 

As  expected,  no  results  were  conclusive. 
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P,  R,  Hoffman  Co,  (MBS) 


Contractor  activity  was  terminated  early  in  Lh  .eporting  period.  No 
final  report  was  prepared. 


Crystal  Systems,  Inc.  (FAST) 

The  multiwire  wafering  contract  with  Crystal  Systems^  Inc.)  was 
terminated  in  January  1982. 

The  slicing  effort  at  CSX  began  in  November  1975.  During  that  time  a 
prototype  saw  was  built  and  an  extensive  wire  development  program  was 
supported.  The  goals  of  the  program  were  to  slice  10  x 10*cm  ingots  at 
0.1  mm/min,  25  wafers/cm,  5 slices/wire  and  a 95%  yield  averaged  over  the  five 
slicing  runs.  Nor  of  the  goals  came  close  to  being  achieved  simultaneously. 
The  best  individual  achievements  of  the  program  for  10-cm-dia  ingots: 

25  wafers/cm,  0.1  mm/min,  3 slices/wire,  95%  yield  over  one  run.  Slicing  of 
15*cm-dia  ingots  was  demonstrated  but  was  not  considered  successful. 

During  the  last  few  months  of  the  program,  emphasis  was  placed  on  the 
plating  of  wirepacks  and  theoretical  calculations  to  optimize  contact  lengths. 


Shaped-Sheet  Technology 

Mobil  Tyco  Solar  Energy  Corp.  (Edge-Defined  Film-Fed  Growth^-FFG) 

The  EFG  technique  is  based  on  feeding  molten  silicon  through  a slotted 
die.  In  this  technique,  the  shape  of  the  ribbon  is  determined  by  the  contact 
of  molten  silicon  with  the  outer  edge  of  the  die.  The  die  is  constructed  from 
a material  that  is  wetted  by  molten  silicon  (e.g.,  graphite).  Efforts  under 
this  contract  are  directed  toward  extending  the  capacity  of  the  EFG  process  to 
a speed  of  4.5  cm/min  and  a width  of  10.0  cm.  In  addition  to  the  development 
of  EFG  machines  and  the  gr  ’ing  of  ribbons,  the  program  includes  economic  and 
theoretical  analysis  of  ribbon  thermal  and  stress  conditions.  The  EFG  contract 
was  terminated  in  December  1981  by  FSA  directive. 

Activities  in  this  period  centered  on  Machines  No.  17  and  18.  In  Machine 
No.  17,  a new  gas^control  system  was  used  to  reduce  the  argon  amh.ent  pressure 
in  the  main  zone.  Ten  runs  were  made  with  this  new  system  to  e\  *uate  differ- 
ent cartridge  configurations  in  improving  material  quality  and  to  acquire 
temperature  profile  data  for  thermal  stress  and  buckling  studies.  The  ribbon 
dimensions  are  typically  10  cm  in  width,  10  mils  thick  and  grown  3 to  6 cm/min. 
Eight  runs  were  made  with  Machine  No.  18  to  evaluate  various  die  configura- 
tions, phase  heater  thermal  profiles,  cold-shoe  positioning  and  thermal 
stability  of  the  furnace.  The  10-c  -wide,  14-rail-thick  ribbons  were  grown 
typically  at  rates  of  2 to  2.5  cm/min. 

In  work  supported  by  Mubil  Tyco,  several  EFG  cells,  each  approximately 
50  cm2  area,  displayed  average  efficiencies  of  11.1%  AMI.  The  ribbons 
used  for  these  cells  were  10  cm  wide  and  grown  at  3.6  cm/min.  Fabrication  of 
Machine  No.  21,  the  multiple  ribbon  experimental  sheet  growth  unit  (ESGU),  now 
funded  internally,  is  progressing  to  the  final  check-out  stages. 
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Activities  in  1982  have  centered  on  negotiation;^  f£»r  MoMl  Tyco  to 
conduct  research  in  high*-speed  ribbon  growth* 


Westinghcuse  Electric  Corp*  (Dendritic  Web  Growth — ^Web) 

Dendritic  web  is  a thin,  wide^ribbon  form  of  single-crystal  silicon 
produced  directly  from  the  silicon  melt*  **Dendritic**  refers  to  the  two 
wire  like  supporting  dendrites  on  each  side  of  the  ribbon,  and  *Sieb”  refers  to 
the  silicon  sheet  that  results  from  the  freeting  of  the  liquid  film  between 
the  bounding  dendrites*  Dendritic  web  is  particularly  suited  for  fabrication 
into  solar  cells  for  a number  of  reasons,  including  the  high  efficiency  of  the 
cells  in  arrays  and  tf . cost-effective  conversion  of  raw  silicon  into  sub- 
strates* 


A set  of  three  computer  models  that  were  developed  to  characterise 
critical  elements  of  Si  web  growth  was  used  successfully  to  define  a growth 
system  configuration  that  provides  reduced  thermal  stress  and  increased  area 
throughput  rate*  These  models  were  then  used  to  predict  and  define  for  the 
first  time  a new  and  better  system  configuration  that  was  subsequently  built 
and  nested;  the  results  verified  the  model  predictions*  This  first  configura- 
tion has  grown  web  \fith  lower  thermally  generated  stress  than  has  any  configu- 
ratiofi  developed  heretofore  by  solely  experimental  methods  rather  than  computer 
models* 

The  models  (1)  predict  the  critical  stress  at  which  buckling  will  occur 
within  a Si  ribbon  of  specific  width  and  thickness,  (2)  relate  the  thermally 
generated  stt  js  and  the  temperature  distribution  for  a Si  ribbon,  and 
(3)  predict  the  Si  ribbon  temperature  distribution  that  will  be  generated  by  a 
specific  thermal  geometry  and  dimensions  within  the  growth  system*  These 
models  had  previously  been  verified  and  refined  by  comparison  with  test  data 
obtained  using  existing,  experimentally  developed  web  growth  configurations. 

It  was  foun<!  that  (3)  above  was  not  sufficiently  definitive  to  provide 
the  desired  growth  improvement*  A more  definitive  model  was  developed,  and  it 
was  verified  by  comparison  with  known  performance  of  existing  and  well- 
characterised  %ieb  growth  configurations*  This  model  will  be  used  to  develop 
the  next  wb  growth  configurations  to  be  defined  by  computer  models* 

A set  of  shields  was  designed  and  fabricated,  incorporating  constant- 
width  (3  cm)  ccatrol  and  low-stress  features.  The  configuration  is  undergoing 
tests  in  an  experimental  %ieb  growth  machine  equipped  with  closed-loop  control 
melt  replenishment  to  provide  constant  melt  level  during  web  growth. 

Constant  width  of  growth  has  been  attained,  and  fine-tuning  of  the  system  is 
expected  to  demonstrate  semiautomatic,  steady-state  web  growth  soon. 
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Supporting  Studies 

Solarelectronic8«  Inc»  (Investigation  of  the  Hydroehlorination  of  Silicon 
Tetrachloride) 


A research  and  developaent  program  is  being  carried  out  to  study  the 
hydroehlorination  of  silicon  tetrachloride  (STC)  and  metallurgical-grade 
silicon  to  trichlorosilane  (TCS)  in  a 2-in.-dia  reactor: 

3 SiCl4  ♦ 2 H2  ♦ Si  - 4 SiHCl3 

The  effect  of  pressure  and  temperature  on  the  hydroehlorination  reaction 
vas  studied.  The  results  clearly  showed  that  higher  reaction  pressure  produces 
a higher  TCS  conversion  but  at  a slower  reaction  rate.  The  equilibrium  con- 
version of  TCS  is  about  21Z  at  73  psig;  35Z  is  achievable  at  300  psig  under  the 
same  conditions.  The  effect  of  temperature  on  the  hydroehlorination  reaction 
was  studied  at  73  psig  and  at  a H2/STC  feed  ratio  of  2.8.  Higher  reaction 
temperature  (500°C  vs  450^0  produces  both  a higher  reaction  rate  and  a higher 
conversion  of  TCS.  The  investigation  is  under  way  to  systematically  study  hydro- 
chlorination reaction  at  pressures  of  14. 7»  100,  150,  200,  300,  and  500  psig; 
temperatures  of  350^,  400°,  450°  and  500°C;  and  H2/STC  siole  feed  ratios  of  1.0, 
2.0,  2.8,  4.0,  and  5.0. 

Experiments  were  also  conducted  on  a corrosion  study  to  evaluate  material 
of  construction  for  a hydroehlorination  reactor.  Materials  tested  %rere  Type 
304  stainless  steel,  carbon  steel,  Incoloy  800H,  Alloy  400,  Hastelloy  B-2, 
nickel,  and  copper.  These  samples  were  mounted  inside  the  2-in.-dia  hydro- 
chlorination reactor  tube.  The  corrosion  test  was  conducted  for  100  h at 
500°C,  300  psig,  and  a H2/STC  feed  ratio  of  2.0.  It  was  found  that  in  every 
case  the  weight  of  the  corrosion  coupon  was  increased  instead  of  decreased,  as 
expected,  from  corrosion.  The  might  gain  by  the  test  samples  is  due  to  the 
deposition  of  silicon  from  the  hydroehlorination  reaction.  The  deposited  silicon 
penetrates  the  metal  alley  surface  to  form  a silicide  film  that  prevents  further 
corrosion. 

The  Incoloy  800H  corrosion  coupons  were  studied  by  a scanning  electron 
microscope  to  investigate  the  corrosion  mechanism.  The  composition  of  the 
silicide  film  deposited  on  the  coupon  was  analyzed  by  the  X-ray  microprobe  and 
the  EDAX  analyzer.  SEM  photographs  indicated  a 100-micrometer-thick  silicide 
film  deposited  on  the  coupon.  The  EDAX  analysis  at  the  four  different  areas 
of  the  test  sample  shows  that  the  bulk  of  the  silicide  film  has  the  atomic 
composition  of  40Z  to  50Z  Si.  This  corresponds  to  the  nickel-silicon  phases 
of  Ni3Si2  and  NiSi. 


Texas  Research  and  Engineering  'Institute  (Technology  and  Economic  Analysis) 

Chemical  engineering  and  cost  analyses  for  a 1000-MT/yr  plant  for  the 
dichlorosilane  (DCS)  process  (being  developed  under  the  contract  with  Hemlock 
Semiconductor  Corp.)  are  being  conducted  by  the  Texas  Research  and  Engineering 
Institute.  The  engineering  design  of  the  second  distillation  column,  which  is 
for  the  separation  of  trichlorosilane  (TCS)  from  silicon  tetrachloride,  and  the 
initial  design  of  the  third  distillation  column,  which  is  for  the  separation  of 
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DCS  from  TCS,  were  completed.  Lists  of  rsv  material  and  utility  requirements 
were  developed.  Work  on  base-case  conditions,  reaction,  chemistry,  process 
flow  diagram,  material  balance,  and  energy  balance  have  been  completed.  Cost 
analysis  is  under  way. 


University  of  Illinois,  Chicago  (Study  of  Abrasive-Wear  Rate  of  Silicon) 

The  purpose  of  this  study  is  to  develop  an  understanding  of  the  abrasion 
and  wear  of  silicon  through  modification  of  the  surface  properties  by 
interaction  with  fluids.  The  positive  effect  of  chemical  environment  on  the 
abrasive  wear  rate  of  silicon,  if  any,  would  be  useful  in  inq>roving  ingot 
wafering  and  reducing  surface  damage  to  silicon  wafers. 

Silicon  was  abraded  at  room  temperature  in  the  presence  of  acetone, 
absolute  ethanol  and  water  by  a pyramidal  diamond  and  the  groove  depth  was 
measured  as  a function  of  normal  force  on  the  diamond  and  the  absorbed  fluids* 
The  wear  rate  for  silicon  was  found  to  vary  in  a ratio  of  1:2:3  for  water, 
ethanol  and  acetone,  respectively,  with  a constant  nortaal  force. 


In-House  Activities 

Crystal  Growth 

Siltec  Corp.'s  Csochralski  ESGU  has  been  delivered  to  JPL  and  is  being 
installed  for  research  on  crystal  growth.  Initial  test  runs  are  scheduled  in 
the  third  quarter  of  FY82. 

A joint  technical  brief  with  IBM  was  written  and  filed  for  a patent* 

The  technique  consists  of  varying  the  crucible  rotation  during  directional 
solidif icatisin.  This  results  in  better  stirring  of  melt  and  promotes  favorable 
conditions  for  single-crystal  or  large-sized  grain  growth. 

More  Czochralski  bicrystals  have  been  grown  for  the  study  of  boundaries 
between  grains  of  various  relative  orientations.  The  study  of  growth-zone 
thermal  condition  and  its  effect  upon  the  growth  of  shaped  Czochralski  ingots 
continues . 


SurTa^^e  Photovoltage  Technique 

The  surface  photovoltage  (SPV)  technique,  used  to  determine  the  minority 
carrier  diffusion  length  in  silicon,  was  updated  during  this  period.  Important 
to  the  technique  is  an  accurate  knowledge  of  the  optical  absorption  coefficient 
in  the  silicon.  The  absorption  coefficients  in  Cz,  web,  and  HEM  were  measured 
in  the  wave  length  interval  0.8  < X<  1.0  ^m,  which  is  the  region  of  interest 
for  the  SPV  measurements.  Minority  carrier  diffusion  lengths  computed  using 
the  present  absorption  coefficients  are  approximately  16Z  greater  than  those 
using  the  reconmended  ASTM  standard  values.  A paper  describing  this  work  has 
been  submitted  to  the  Journal  of  Applied  Physics. 
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Fluidized-Bed  Reactor  Stud> 

The  2-in*-dia  fluidised-bed  reactor  (FBR)  ex(:eriBent  in  defining  the 
operating  vindov  and  Si  deposition  kinetics  were  conpleted.  Testing  tempera- 
tures ranged  from  650^  to  750^C  vhile  silane  concentration  varied  from  20Z  to 
65%,  limited  by  heating  capacity  of  the  existing  setup.  Even  with  a high  silane 
concentration  of  65%,  effluent  dust  collection  can  be  kept  below  10%  without  bed 
agglomeration*  K high  deposition  rate  of  0.5  kg/h  of  Si  has  been  obtained  with 
50%  silane  in  a 2-in.  FBR.  These  observations,  plus  scanning  electron  microscope 
evidence,  show  that  in  addition  to  the  chemical  vapor  deposition  phenomenon  the 
fluidixed-bed  seed  particles  can  scavenge  homogeneous  fines  onto  the  growing 
surface.  The  combination  effect  results  in  fast-grc%rth,  coherent,  free-flowing 
particles.  The  operating  window  was  also  identified  in  the  2- in.  FBR: 
temperature  within  650®  to  750®C  fluidisation  quality  indicated  by  U/Omf 
between  3 and  6,  bed  height  L/D  < 3.  The  basic  mechanism,  kinetic  data,  and 
operation  guidelines  identified  in  JPL  2-in.  FBR  are  expected  to  benefit  the 
economics  of  the  f luidixed-bed  Si  deposition  approach  greatly. 

The  6-in.-dia  FBR  system  was  designed,  fabricated  and  constructed  at  JPL. 

It  has  been  checked  out  in  terms  of  leak,  fluidixation  and  heating  tests.  A 
technical  review  was  conducted  with  Task  consultants.  During  the  initial 
experiment  (<400®C,  to  prevent  plugging  of  distributor)  with  silane,  which  has 
a higher  heat  capacity  than  previously  tested  hydrogen,  a desirable  temperature 
profile  to  keep  the  Ic  er  part  of  the  bed  hot  and  the  distributor  cool  cannot 
be  maintained.  Heater  and  distributor  cooling  are  under  redesign  and  modifi- 
cation. 


Fracture  and  Properties  Modification  of  Silicc  . 

Fracture  toughness  (Kj^)  of  Semix  polycrystalline  silicon  material  was 
measured  at  room  temperature  in  laboratory  environment  by  microindentation  of 
a bending  bar.  The  test  result  indicated  that  the  Kjq  values  of  Semix  have  an 
average  of  0.78  MN/w3/2  on  a slab  surface,  which  is  consistent  with  the  data 
reported  previously  for  single  crystal  of  0.82  to  0.93  and  for  Silso 

Wacker  material  of  0.80  to  0.87 

In  order  to  study  photon-electron  interaction  on  the  surface  properties 
of  silicon,  a double  torsion  test  jig  was  built.  Because  of  availability,  HEM 
polycrystal  samples  are  being  prepared  for  the  preliminary  test.  Single- 
crystal  samples  in  several  crystalline  orientations  are  being  procured  for  this 
study. 


Multiblade  Slurry  Wafering  Research  and  Development 

Continuous  wafering  of  polycrystalline  silicon  material  for  more  than 
24  hours  was  demonstrated  using  a JPL-developed  water-base  abrasive  slurry 
system  and  instrumented  multiblade  saw.  This  new,  low-cost  abrasive  slurry 
system  has  provided  satisfactory  cutting  action  and  wafer  surface  finish  over 
several  wafering  runs. 

Two  new- technology  items  were  submitted  to  the  JPL-California  Institute 
of  Technology  and  Patents  Office:  ’’Development  of  a Water-Base  Abrasive  Slurry 
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for  Use  in  the  Slicing  of  Silicon  Haterialf”  the  result  of  silicon  wafering 
research  and  development  conducted  by  T.  O'Donnell^  C.  Ghent  Hite  using  an 

instrumented  multiblade  slurry  saw,  and  "A  Ifodified  Multiblade  Slurry  Saw  for 
Load*Controlled  Wafering  of  Silicon,”  a result  of  in-house  modifications  and 
redesign  of  a Varian  multiblade  slurry  saw  in  support  of  advanced  research  into 
new/ alternative  expendable  materials  for  this  technology,  by  T.  O'Donnell  and  W. 
Hite. 


A procurement  for  specially  designed  diamond-coated  high-carbon-steel  blades 
was  initiated  with  Diamotec,  Torrance,  Califo^ia* 


Material  Property  Modification: 

An  electromechanical  softening  effect  in  semiconductor  materials  has  been 
described  in  a concept  paper.  A preliminary  test  plan  has  been  developed  to 
verify  the  electromechanical  softening  effect  and  to  characterize  the  mechanism 
by  which  these  materials  are  softened  when  exposed  to  surface  loading  and  the 
simultaneous  presence  of  a small  potential  (less  than  10  V). 
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Device  and  Measurements  Research  Task 

INTRODUCTION 


The  objective  of  this  task  is  to  identify  and  impleaent  research  and 
development  activities  in  the  photovoltaic  device  and  measurements  area  to  meet 
the  near-term  and  long-term  objectives  of  the  FSA  Project.  Task  activities 
encompass  research  in  device  physics , device  structure,  material-device 
property  interaction,  and  measurement  techniques  for  physical,  chemical  and 
electrical  evaluation  of  devices  and  materials. 


Technical  Approach,  Organization  and  Coordination 


To  meet  FSA  objectives,  efforts  are  now  directed  toward  characterization 
of  various  silicon-sheet  materials,  material-device  property  interaction 
investigation  and  measurement  techniques*  The  program  of  the  Task  is  struc- 
tured accordingly* 

Ongoing  research  contracts  awarded  for  material  and  device  evaluation  are 
listed  in  Table  2. 

The  program  of  the  Task  also  includes  JPL  in-house  activities  to  conduct 
basic  research  in  materials  and  devices  characterization  to  support  contractor 
needs  and  other  Tasks  of  the  Photovoltaic  Components  Research  Area* 


SUMMARY  OF  PROGRESS 

C*T.  Sah  Associates;  Completed  the  contract  on  the  effects  of  impurities 
and  defects  on  the  properties  of  silicon  material  and  on  the  performance  of 
silicon  solar  cells.  The  final  report,  **Study  of  the  Effects  of  Impurities  on 
The  Properties  of  Silicon  Material  and  Performance  of  Silicon  Solar  Cells,”  was 
issued.  It  contains  the  results  of  %iork  performed  after  publication  of  the 
Fourth  Annual  Report,  dated  March  1981.  A theoretical  analysis  of  the  effects 
of  defects  across  the  back-surface-field  junction  on  the  performance  of 
high-efficiency,  thin  solar  cells  is  included;  in  this  analysis  a developed 
perimeter  device  model  for  the  three-dimensional  effects  is  used.  In  addition, 
a new  theory,  capable  of  distinguishing  an  acceptor-like  deep  level  from  a 
donor-like  deep  level  using  the  measured  value  of  the  thermal  emission  and 
capture  cross-sections,  is  described.  Using  the  measured  thermal  emission  and 
capture  cross-sections,  this  theory  can  also  provide  information  concerning  the 
magnitude  of  the  lattice  distortion  around  an  impurity  atom  before  and  after 
the  capture  or  emission  of  an  electron  or  a hole  at  the  impurity  center. 

Westinghouse  Electric  Corp.;  Completed  the  contract  on  defining  the 
effects  of  impurities  and  processing  on  solar  cell  performance.  The  following 
is  a susmary  of  the  entire  effort  from  its  inception  in  October  1975: 
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Table  2*  Device  and  Meaaureaenta  Research  Task  Contracts 


Contractor 

Research  Area 

Applied  Solar  Energy  Corp. 
City  of  Industry,  CA 
JPL  Contract  NO.  955089 

Cell  fabrication  and  silicon- 
sheet  evaluation 

Cornell  Univerity 
Ithaca,  NY 

JPL  Contact  Ho.  954852 

Characterisation  of  silicon- 
sheet  properties 

Materials  Research,  Inc. 

Centerville,  UT 

JPL  Contact  No.  957977 

Quantitative  analysis  of 
defects  and  iispurity  evalu- 
ation technique 

University  of  California,  Los  Angeles 

Los  Angeles,  CA 

JPL  Contract  NO*  956233 

High-efficiency  solar-cell 
structrues  by  molecular- 
beam  epitaxy 

C.T.  Sah  Associates 
Urbana,  IL 

JPL  Contact  No.  954685 

Effects  of  impurities  on 
solar-cell  performance 

Westinghouse  R&D  Center 

Pittsburgh,  PA 

JPL  Contract  No.  954331 

Definition  of  purity 
requirement  in  silicon 

The  effects  of  various  metallic  impurities  introduced  into  silicon  ingots 
and  into  silicon  ribbons  were  studied.  The  solar-cell  data  indicate  that 
impurity-induced  performance  loss  is  caused  primarily  by  a reduction  in  base 
diffusion  length.  An  analytical  model  was  developed. 

Polycrystalline  ingot  studies  indicate  that  cell  behavior  is  species- 
sensitive  and  that  a fraction  of  the  impurities  are  segregated  to  the  grain 
boundaries . 

HCl  and  POCI3  gettering  improve  the  performance  of  cells  containing 
iron^  chromium,  and  titanium.  Similar  behavior  was  observed  for  the  poly- 
crystalline devices.  Argon  ion-implant  damage  does  not  significantly  enhance 
gettering.  The  efficiencies  of  cells  fabricated  on  impurity-doped  wafers  are 
lower  when  the  junction  is  formed  by  ion  implantation.  Solar-grade  silicon 
feedstock  impurity  concentrations  will  have  to  be  below  one  part  per  million 
for  some  elements  or  100  parts  per  million  for  more  benign  impurities, 
depending  on  tolerable  cell  efficiency,  crystal  growth  method,  melt  replenish- 
ment strategy  and  cell  process  sequence. 

The  final  report,  ”Effect  of  Impurities  and  Processing  on  Silicon  Solar 
Cells,"  was  issued  in  February  1982. 
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Applied  Solar  EnerOT  Corp,  (ASEC);  Proper  assessment  of  potential  lov- 
cost  silicon-sheet  materials  requires  the  fabrication  and  testing  of  solar 
cells  using  reproducible  and  reliable  processes  and  standardized  measurement 
techniques.  Wide  variations  exist,  however,  in  the  capability  of  sheet-growth 
organizations  to  fabricate  and  evaluate  photovoltaic  devices.  It  is  therefore 
logical  and  essential  that  the  various  forms  of  low-cost  silicon  sheet  be 
evaluated  impartially  in  solar-cell-manufacturing  environments  with  well- 
established  techniques  and  standards*  ASEC  has  been  retained  to  meet  this 
need. 


Materials  Research,  Inc.;  The  current  MRI  sheet  defect-structure 
assessment  effort  includes  a correlation  of  impurity  distributions  with  defect 
structures  in  various  sheet  materials  obtained  from  the  ingot  and  shaped-sheet 
manufacturers . 

Cornell  University:  Cornell  has  conducted  Rutherford  backscattering 

experiments  on  front  and  back  surfaces  of  web  cells  fabricated  by  ASEC.  The 
results  revealed  that  significant  amounts  of  molybdenum  are  present  in  the 
diffused  layer  as  well  as  in  the  base  material. 

The  structural  arrangement  and  the  electrical  activity  of  dislocations 
at  or  close  to  the  central  twin  plane  in  processed  web  material  was  studied  by 
electron-beam  induced-current  (EBIC)  microscopy  on  a shallow-bevel  specimen. 

The  majority  of  the  dislocations  in  the  twin  plane  are  regularly  spaced  and 
mostly  straight  arrays  of  dislocation  of  like  sign,  accomnodating  a tilt 
component.  Dislocation  density  in  the  twin  plane  is  high  and  the  dislocations 
are  effective  recombination  centers.  Inspection  of  straight  sections  under 
higher  magnification  shows  that  the  electrical  activity  varies  along  the 
dislocation,  possibly  due  to  precipitates  (transmission  electron  microscopy 
will  be  carried  out  after  completion  of  EBIC  to  clarify  this  point). 
Temperature-dependent  EBIC  work  is  being  carried  out  in  order  to  determine  the 
electronic  energy  levels  associated  with  the  various  sections. 

University  of  California,  Los  Angeles:  A contract,  •'Silicon  Sheet  With 

Molecular  Beam  Epitaxy  (MBE)  for  High-Efficiency  Solar  Cells,"  was  awarded  to 
University  of  California,  Los  Angeles.  In  this  effort,  various  silicon  layers 
will  be  grown  on  JPL-provided  silicon  substrate  using  MBE.  These  layers  will 
be  evaluated  for  structural  properties  and  electrical  performance,  and  solar- 
cell structures  will  be  fabricated  for  diagnosis  to  enhance  open-circuit 
voltage  and  efficiency. 

JPL  in-house  research  included  structural  and  electrical  characteri- 
zation of  grain  boundaries  in  polycrystalline  and  JPL-grown  silicon  bicrystals, 
Zeeman  atomic  absorption  and  secondary  ion  mass  spectroscopy  measurements  on 
Semix  material,  and  analysis  of  electrically  active  impurities  in  silicon  by 
using  thermally  stimulated  capacitance  measurements. 
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Environmental  Isolation  Task 

INTRODUCTION 


The  objective  of  the  Envirofttentel  laolation  Task  is  the  developnent  and 
qualification  of  the  total  encapsulation  systen  required  to  protect  the  active 
optical  and  electrical  elements  of  a photovoltaic  array  from  the  effects  of  the 
field  environment • The  most  difficult  technical  problem  has  been  the  devel-- 
opment  of  high-transparency  materials  for  the  photoactive  side  of  the  module 
that  meet  the  Project's  lo%r-cost  and  20-year-life  objectives#  The  approach  to 
the  objective  includes  a combination  of  contractor  and  JPL  in-house  efforts, 
which  can  be  divided  into  two  technical  areas: 

(1)  Materials  and  Process  Research^,  This  effort  includes  all  of  the 
work  necessary  to  develop,  demonstrate,  and  qualify  one  or  more 
encapsulation  systems  to  meet  FSA  cost  and  performance  goals#  It 
includes  the  testing  of  off-the-shelf  materials,  formulation  and 
testing  of  new  and  modified  materials,  identification  of  automated 
processes  to  handle  these  materials  during  formulation  and 
fabrication  of  modules,  and  systems  analysis  and  testing  to 
develop  optimal  module  designs. 

(2)  Material  Durability  and  Life  Testing#  This  work  is  directed 
toward  the  attainment  of  the  FSA  20-year-minimum  life  goal  for 
modules#  It  includes  research  aimed  at  the  development  of  a 
life-prediction  method  applicable  to  terrestrial  photovoltaic 
modules,  and  validation  of  that  method  by  specific  application  to 
photovoltaic  demonstration  sites.  Material  degradation  studies 
are  being  conducted  to  determine  failure  modes  and  mechanisms# 

This  effort  supports  both  the  materials  and  process  development 
work  and  the  life-prediction  model  development# 


SUMMARY  OF  PROGRESS 

ISOLATION  MATERIALS  AND  PROCESS  RESEARCH 

Additional  investigation  of  ethylene  methyl  acrylate  (EMA)  has  been 
pursued  by  direct  contact  with  the  manufacturer.  Gulf  Oil  Chemicals  Co# 

During  initial  meetings,  Gulf  representatives  were  enthusiastic  about  the 
potential  use  of  EMA  as  an  encapsulation  pottant,  and  would  consider  marketing 
the  product  for  such  applications  if  accepted  by  the  photovoltaic  industry. 

Gulf  further  agreed  to  discuss  their  providing  technical  assistance  and 
information  that  would  aid  in  advancing  the  development  of  this  material  for 
PV  applications. 

Peroxide  curing  agents  that  achieve  faster  EVA  cure  at  lower  temperatures 
were  identified  and  tested  by  Springborn.  *^he  experimental  agents  are  Lupersol 
331-80B  and  Lupersol  99*  Lupersol  101,  the  agent  currently  used,  requires 
about  20  minutes  at  15C^C,  while  Lupersol  331-80B  achieves  the  same  results 
in  10  minutes  at  130^C.  Lupersol  99  was  also  found  to  speed  EVA  cure,  and 
studies  are  now  being  performed  to  determine  specific  time  and  temperature* 
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The  chemstries  of  these  curing  agents  will  also  be  determined,  and  attempts 
will  be  made  to  define  chemical  trends  that  may  enable  selection  by  chemistry 
of  curing  agents  having  even  faster  and  lowers temperature  characteristics. 

Further  contacts  were  made  with  Inland  Steel  Co.  (IS),  manufacturer  of 
"NartlNsite,"  a mild  steel  with  the  highest  strength- to-cost  ratio  of  any 
commercial  mild  steel  product.  IS  agreed  to  provide  support  to  Springborn  in 
identifying  corrosion  prevention  techniques,  and  in  development  of  ribbed 
stiffening  methods  for  flat  steel  plates.  IS  engineers  said  that  th**  thinnest 
steel  pliite  that  %iould  suffice  for  rib  reinforcing  is  0.008  in.;  thinner 
material  has  the  mechanical  qualities  of  flexible  metal  foils. 

IS  also  pointed  out  that  certain  material  width  and  thickness 
restrictions  must  be  considered.  Low-strength  mild-steel  products  less  than 
0.015  in.  thick  are  limited  to  40~in.  widths,  while  all  high-strength  mild* 
steel  products  are  thicker  than  0.015  in.  and  are  limited  to  35**in.  width. 
Knowledge  of  such  constraints  is  vital  to  the  design  of  large-area  modules. 

In  the  area  of  outdoor  soiling  behavior,  t%ro  candidate  surface-treatment 
materials  vere  tested.  They  are  being  evaluated  on  Sunadex  glass  and  on  two 
UV  screening  plastic  films:  Acrylar  from  M Co.,  and  Tedlar  from  Du  Pont  Co. 

The  candidate  fluorinated  materials  are  L1668,  manufactured  by  3M  Co.,  and 
perfluorodecanoic  acid  (with  Dow  Coming  Corp.  primer),  and  tests  have  shown 
that  the  glass  and  two  plastic  films  so  treated  not  only  are  cleaner  than 
untreated  control  samples,  but  also  exceed  the  performance  of  all  other  non- 
fluorinated  materials 

Soiling  resistance  tests  showed  that  the  soil  accumulation  after  five 
months  on  the  untreated  Sunadex  control  resulted  in  a 3%  loss  of  short-circuit 
current  (Igc^  from  a standard  cell;  the  L1668-treated  Sunadex  resulted  in 
only  a 0.5Z  loss  in  Ig^,  from  the  same  cell.  In  general,  L1668  performed 
better  on  glass  than  on  the  plastic  films,  and  the  perfluorodecanoic  acid 
performed  better  on  the  plastic  films  than  on  glass. 


Adhesives  and  Prrners  Research 

E.  Plueddemann  of  Dow  Corning  has  continued  his  work  in  this  area,  and 
has  developed  an  experimental  primer  system  for  bonding  poly-n-butyl  acrylate 
to  glass.  This  primer  is  now  being  supplied  to  the  seven  PV  manufacturers  tiho 
are  evaluating  the  Springborn  poly-n-butyl  casting  syrup.  Additional  work  was 
performed  on  developing  primer  systems  for  Acrylar  films,  and  on  further 
development  of  polyurethane  casting  pottant. 


UV  Absorbers 

Synthesis  of  2(2-hydroxy-5-isopropenyl)2H-benzotriazole  (2H5P)  was  ac- 
complished, as  well  as  a more  practical  synthesis  of  2(2-hydroxy-5-vinylphenyl) 
2H-benzotriazole(2H5V).  Copolymerization  of  2H5P  was  completed  but  not  the 
homo polymerization. 

The  previously  reported  UV  absorbing  compounds,  2(2-hydroxy-5-isopro- 
penyl)  (2H5P)  and  2(2-hydroxy-5-vinylphenyl)2H-benzotriazole(2H5V) , were 
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studied  using  HMR  spectra.  Observed  cheaical  shift  data  were  coapared 
with  predicted  shift  data  in  hopes  of  correlating  UV>induced  aolecular  action 
of  the  phenol  ring  with  observed  UV  absorption  spectra.  This  would  assist  in 
the  understanding  and  prediction  of  the  stability  of  polyaers  containing 
cheaically  attached  UV  stabilisers. 

Two  additional  derivatives  of  the  UV  absorber  2(2-hydroxyphenyl)-2H- 
bensotriasole  were  successfully  synthesised.  They  can  be  peraanently  incorpo'- 
rated  into  PV  encapsulation  materials  in  support  of  the  goal  of  the  Environ- 
mental Isolation  Task  to  develop  encapsulation  systems  that  retain  their 
protective  function  for  20  years  or  more.  The  derivatives  are:  2(2,4- 

dihydroxyphenyl)  2 H-bensotriasole  (2,4DR)  and  2(2,4,6-trihydroxyphenyl) 
2H-bensotriasole  (2,4,6TH).  Condensation  of  the  diasonium  salt  of 
o-nitroaniline  with  resorcinol  followed  by  reductive  ring  closure  led  to  tlie 
synthesis  of  the  2,4DH,  which  was  followed  by  purification  and  characteriza- 
tion. The  same  reaction  sequence  substituting  phloroglucinol  for  resorcinol 
should  lead  to  2,4,6TR. 

In  order  to  establish  a theoretical  foundation  to  predict  and  tailor  the 
incorporation  into  the  backbone  of  vinyl  polymers  of  the  already  characterised 
and  purified  UV  absorber,  2(2-hydroxy-5-isopropenylphenyl)  2H-benzotriazole 
(2H5P),  a systemic  study  of  its  copolymerization  rate  was  initiated.  Plans 
called  for  synthesizing  enough  2H5P  during  the  next  month  for  copolymerization 
to  styrene  (ST)  and  methyl  methacrylate  (MMA). 

In  continuing  their  efforts  to  find  derivatives  of  a stable  UV  absorber 
that  can  be  permanently  incorporated  into  PV  encapsulation  materials,  the 
University  of  Massachusetts  has  synthesized  two  more  compounds:  2(2,4- 

dihydroxyphenyl)2H-bisbenzotriazole  (2,4-DHB)  and  2(2,4,6-trihydroxyphenyl) 
2H-bisbenzotriazole  (2,4,6-THB).  These  compounds  are  expected  to  have  good 
UV-stabilizing  efficiency.  Samples  of  both  were  sent  to  JPL  for  photophysical 
studies. 

Other  efforts  were  focused  on  the  synthesis  and  characterization  of  the 
UV  absorber  monobenzotriazole-substituted  resorcinol  (2,  4-DHB).  An  attempt 
was  also  made  to  improve  the  yield  of  dibenzotriazole-substituted 
phloroglucinol . 

Negotiations  are  now  in  progress  to  extend  our  contract  with  the 
University  of  Massachusetts,  with  the  final  report  due  at  the  end  of  the 
e-tension  period. 


Module  Design  and  Verification 

Spectrolab,  Inc.,  has  advanced  into  the  experimental  evaluation  of 
specific  designs,  part  of  the  Phase  II  work. 

As  a pact  of  their  Phase  II  activities,  Spectrolab  was  to  fabricate  up 
to  10  4-ft-square  modules  of  an  optimized  design  identified  by  them  to  have 
potentially  the  lowest  life-cycle  energy  cost.  The  identified  design  is  a 
substrate  module  using  ribbed  1/8-in.  thick  hardboard  as  the  structural 
substrate.  One  of  the  requirements  of  optimization  is  that  the  fabricated 
modules  must  pass  the  JPL  module  qualification  tests. 
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It  was  planned  to  fabricate  the  modules  by  conventional  vacuuoh-bag 
lamination,  using  EVA  as  the  pottant,  but  dry-out  shrinkage  of  the  wood 
prevented  this,  and  two  alternatives  were  explored.  The  first  was  a two-step 
process  wherein  the  solar-cell  string  was  vacuum-laminated  in  a composite  of  a 
white  plastic  film,  EVA,  and  a clean  UV  screen  plastic  film.  This  composite  was 
then  bonded  to  the  wooden  substrate,  preferably  with  a roooi-temperature 
adhesive.  The  second  fabrication  option  was  to  cast  rather  than  laminate,  using 
the  recently  identified  polyurethane  casting  resin  from  Development  Associates. 

Prototype  wooden- substrate  modules  fabricated  by  a two-step,  vacuum-bag 
lamination  process  were  successfully  made,  by  laminating  solar-cell  strings  in 
EVA  with  front  and  back  layers  of  clear  UV-screening  Acrylar  in  one  version,  and 
clear  UV-screening  Tedlar  in  another  version.  The  flat  laminated  packages  were 
bonded  to  the  wooden  substrate  using  a room-temperature-curing  polyurethane 
adhesive.  A %ihite  background  was  achieved  by  painting  the  wood  with  a white 
paint,  before  attaching  the  laminated  package. 

The  liiodule  fabricated  by  Development  Associates,  Inc.  (DAI)  indicated  that 
casting  cannot  be  dismissed  as  a fabrication  option.  Therefore,  it  was  decided 
that  two  of  the  10  Phase  II  4-ft  square  wood  modules  would  be  fabricated  by  a 
casting  process,  using  a DAI  polyurethane  pottant  system,  and  the  other  eight 
modules  would  be  fabricated  by  the  lamination  process  using  EVA  pottant. 

Spectrolab  will  now  team  with  JPL  to  construct  a 4-ft-square  laminator  at 
the  FSA  Foothill  facility.  This  should  be  completed  late  in  April  or  early  in 
May  cf  1982. 

The  basic  contents  of  Spectrolab* s Phase  II  Report  were  presented 
informally  to  the  Environmental  Isolati'^n  Task  at  a meeting  held  on  February  18, 
1982.  At  this  meeting  preliminary  discussions  were  held  on  the  technical  plan 
of  work  for  a proposed  two-year  contract  extension.  The  contract  add-on  will 
enable  Spectrolab  to  refine  its  design  analysis  models  and  use  them  to  identify 
and  establish  priorities  for  those  material  and  system  properties  that  are  most 
sensitive  to  weathering.  The  sensitivities  (rates  of  change)  and  the  upper  and 
lower  property  bounds  will  be  established  and  used  to  guide  future  research  on 
accelerated  exposure  testing  and  polymer  stabilisation. 

Four  computer  models  are  being  developed  at  Spectrolab  to  sianilate  module 
response  in  the  areas  of  electrical  isolation,  structural  integrity,  optical 
properties,  and  thermal  properties  (module  operating  temperature).  Phase  IX 
work  has  essentially  validated  the  ..lermal  model  and  partially  validated  the 
others.  The  model  in  least  agreement  with  experimental  results  is  that  for 
predicting  solar-cell  stresses  from  thermal  stresses  due  to  thermal-expansion 
differences.  It  is  believed,  however,  that  Phase  II  experimental  validation 
techniques,  rather  than  the  computer  model,  is  the  source  of  the  discrepancies. 


Advanced  Module  Design 

Science  Applications,  Inc.  (SAI)  was  funded  in  March  of  1982  to  do 
experiments  aimed  at  demonstrating  increases  in  solar-cell  power  output  by 
light-ti coping  techniques.  P?wer  enhancement  by  light  trapping  involves  the 
thickness  and  the  index  of  refraction  of  the  transparent  layers  of  encapsulation 
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materials  on  the  sun  side  of  the  solar  cells.  SAI  will  design  the  modules, 
which  will  be  fabricated  by  Springborn.  SAI  will  then  carry  out  experiments  on 
power  measurements. 


Ion-Plated  Coatings 

Illinois  Tool  Works  (ITW)  has  finally  succeeded  in  depositing  metallisation 
with  an  ohmic  contact  on  the  p back  surface  of  n-on*p  solar  cells,  although  not 
on  a routine  basis*  Ohmic  contact  is  defined  as  achieving  a resistance  of  equal 
to  or  less  than  0.160  ohms-*cm^* 

The  first  breakthrough  came  from  efforts  to  metallise  with  aluminum  on  the 
back  surfaces  of  n-on-*p  solar  cells  with  differing  boron  concentrations*  Better 
ohmic  contact  was  achieved  on  the  cell  having  the  higher  boron  concentration* 

T e second  isxprovement  came  from  using  an  alloy  of  aluminum  and  titanium, 
recommended  by  W*£.  Taylor  of  Spectrolab,  and  thereafter  ohmic  contact  was 
finally  achieved  using  aluminum/ titanium  alloys  that  were  doped  with  boron*  The 
deposited  metallisation  on  the  back  surface  required  no  firing* 

Incorporating  low-level  concentrations  (<1Z)  of  boron  in  an  alloy  of 
aluminum  and  titanium  has  enabled  ITW  to  achieve  ohmic  contact  on  the  back 
surface  of  p-on-n  solar  cells  without  firing*  However,  they  have  been  unable  to 
do  this  repeatedly.  It  is  believed  that  impact  energy  associated  with  the 
incoming  ion  stream  causes  damage  to  the  crystalline  microstructure  of  the  back 
surface*  A literature  search  has  found  tha^  boron  can  function  to  anneal  the 
crystalline  structure  of  silicon,  thus  actiug  in  some  way  to  duplicate 
cheoiically  the  action  of  high-temperature  annealing*  It  is  further  speculated 
that  boron  present  in  the  bulk  of  the  back-side  metallisation  layer  has  no 
annealing  effect.  Apparently  it  is  only  effective  at  some  concentration  level 
that  initially  reaches  the  surface  and  that  will  be  localised  in  the  interface 
between  the  cell  and  the  metal  layer.  In  addition,  the  generation  of  the  ion 
stream  in  the  ITW  process  can  cause  fractionation  of  the  metal  alloy,  causing 
the  departing  ion  stream  to  have  a composition  different  from  that  of  the 
starting  solid  alloy*  ITW  is  carrying  out  two  technical  actions:  (i)  depth 

profiling  by  Auger  analysis  of  the  boron  concentration  in  the  metal  layers  on  a 
good  and  a poor  cell,  and  (2)  investigating  the  fractionation  process  to 
regulate  boron  concentration  in  the  departing  ion  stream. 

Depth-profiling  Auger  analysis  of  the  ion-plated  aluminum-titanium 
metallisation  on  the  back  surface  of  the  n-on-p  solar  cells  has,  surprisingly, 
revealed  the  presence  of  copper  in  the  cell-metallisation  interface  for  cells 
with  good  ohmic  back-side  contact.  Ho  copper  has  been  found  for  those 
ion-plated  cells  having  poor  ohmic  back-side  contact*  It  was  speculated  that 
boron  in  the  metallisation  was  the  element  affecting  ohmic  quality;  this 
depth-profiling  analysis  was  intended  to  provide  an  understanding  of  boron's 
role*  Copper,  and  not  boron,  is  apparently  the  significant  element,  and  further 
analysis  will  be  performed  to  determine  its  origin  and  role  in  the  process* 
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MATERIAL  DURABILITY  AND  LIFE  TESTING 
Degradation  Computer  Modeling 

Studies  at  the  University  of  Toronto  have  shown  that  there  is  an  induction 
period  preceding  the  autocatalytic  photooxidation  of  polymeric  FSA  materials 
during  which  there  are  no  significant  changes  in  the  structure  of  the  polymer. 
Efforts  have  been  aimed  at  gaining  a better  understanding  of  the  influencing 
factors,  so  that  this  phase  may  be  extended  as  long  as  possible. 

The  effects  of  varying  the  concentrations  of  initiators  such  as  ketone  or 
peroxides  has  been  studied  and  it  was  found  t^at  there  is  only  a narrow  window 
within  which  the  simulated  behavior  is  representative  of  the  true  reaction 
scheme.  Careful  evaluaticn  has  shown  that  there  may  be  an  intrinsic  effect  or 
limitation  within  the  existing  numeric  1 integration  procedure.  The  present 
method  is  dependent  on  the  rate  of  change  of  the  concentration  terms  and  allows 
for  variation  in  step  length  as  the  integration  proceeds. 

As  it  is  now  programmed,  the  choice  of  the  step  length  is  made  just  before 
iteration  and  is  internal  to  the  program.  Once  the  integration  begins,  values 
are  unrelated  to  the  initial  starting  conditions  and  any  set  parameters.  To 
better  understand  this  problem,  a grasp  of  the  error  underflow  and  significance 
will  be  required. 

Work  will  continue  to  understand  or  solve  this  problem  as  it  may  serve  to 
underscore  the  known  importance  of  adding  some  type  of  stabiliser  to  almost  any 
polymeric  material  if  a lifetime  of  several  years  is  to  be  expected.  Knowledge 
of  the  effects  of  such  impurity  concentrations  is  vital  in  any  oolymer  life 
prediction  model,  as  these  impurities  are  cotaaon  in  comercia^  preparations. 

Interface  Degradation  Corrosion  Diagnostics  and  Modeling 

Rockwell  Science  Center  is  continuing  its  investigation  of  corrosion- 
inhibiting  properties  of  the  primer  system  developed  by  Dow  Corning,  and  results 
on  EVA  bonded  to  primed  mild  steel  show  that  this  system  does  provide  corrosion 
protection.  Tests  on  other  metals,  including  copper  and  alumintim,  will  be 
performed. 

AC  impedance  techniques  have  been  used  to  monitor  the  aging  behavior  of 
test  modules  exposed  to  the  Battelle  Accelerated  Test.  Artificial  aging  was 
performed  at  JPL  and  the  impedance  tests  were  performed  at  Rockwell.  This 
technique  appears  to  be  sensitive  means  of  detecting  early  aging  events  in 
functional  modules.  The  Rockwell  annual  report  wa*  received  and  reviewed. 

Also,  a statement  of  work  for  a proposed  two-year  contract  extension  was 
submitted  to  Rockwell;  they  responded  by  presenting  a technical  plan  to  JPL  in 
March  1982. 


Photodegradation  of  Polymers 

The  design  and  installation  of  the  UV  Qualification  Test  Chamber  was 
completed  after  safety  review  and  approval  during  November  of  1981.  In  February 
1982  a report  titled  “Photothermal  Characterization  of  Encapsulant  Materials  for 
Photovoltaic  Modules"  was  completed  and  submitted  for  publication. 
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Response  of  fundsnentsl  polyser  aschsnicsl  properties  es  e function  of 
polyMr  prepsrstion  vere  studied.  Crosslinking  densities  of  EVA  staples  cured 
St  280^  in  sir  for  various  periods  of  tine  %iere  aeesured,  end  results  were  es 
followss 


Cure  Tine  (ain)  Cross  linking  Density 
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These  results  will  be  used  to  support  life  prediction  end  aodule  encepsulent 
durability  studies. 

Continuous  aging  of  Acrylar  films  (3M-PMMA)  inside  the  Control  Environ- 
ment Reactor  (CER)  was  completed,  with  sccuaulated  aging  time  reaching  200 
days.  Samples  were  subjected  to  4 suns  of  irradiation  at  50^C  and  2 hours 
of  simulated  rain  in  every  24-hour  period.  Data  indicated  a gradual  decrease 
in  UV  screening  capability  after  an  induction  period  of  60  days.  Approximately 
50X  of  the  UV  screen  was  lost  after  200  days  of  aging.  Chemical  analysis  also 
showed  separability  of  the  UV  screen  from  the  parent  polymer.  Apparently  the 
screening  is  not  chemically  incorporated  as  was  first  believed. 

Construction  of  a second  CER  capable  of  maintaining  higher  aging 
temperatures  was  completed  and  characterisation  was  performed.  Aging 
temperatures  as  high  as  130^0  and  photon  flux  equivalent  to  10  suns  have 
been  achieved. 

Evaluation  of  a novel  diagno^^ic  technique  for  early  detection  of 
photooxidation  that  involves  detection  of  a hydroxyl  functional  group  (one  of 
the  products  of  photooxidation)  was  initiated.  Feasibility  experiments  will 
be  carried  ojt  at  the  Center  for  Laser  Studies  at  the  University  of  Southern 
California. 


Degradation  of  Acrylics 

Analysis  and  correlation  of  data  ia  continuing  at  Gate  Weatern  Reaerv. 
University.  Samples  of  poly-n-butyl  acrylate  were  kept  under  expoaure  to  UV 
light  in  the  QUV  test  chanber  for  analysis  to  deteraine  their  long-tera  UV 
resistance,  to  measure  the  validity  of  predictions  made  on  the  basis  of 
short-term  exposure  data.  Refineiacnt  of  the  data  analysis  method  using  KTIR 
with  assigned  baseline  for  product  analysis  is  being  completed. 


28 


ENVIRONMENTAL  ISOLATION  TASK 


Two  papers  based  on  the  work  performed  were  presented  at  Che  National 
ACS  aieeting  in  Laa  Vegas,  Nevada  in  March  1982: 

(1)  "Effects  of  Phocodegradation  op  the  Sorption  and  Transport  of 
Water  in  Polymers,"  by  C.B.  Rogers. 

(2)  "Phocodegradation  of  Poly-n-Rutyl  Acrylate"  by  H.R.  Dickinson, 
C.E.  Rogers  and  R.  Simha. 


MODULE  FIELD  TESTING 
Minimodule  Field  Testing  (JPL) 

All  of  th^  Point  Vicente^  Cjlifornia  mininiodule»  «nd  t%ro"-C€ll  nubnodules 
hav<*  under^tono  I-V  rejipon*^  testing  using  the  JPL  Isrge-area  pulsed  solar 
simul«;tor  VLAPSS)  fscilitv%  Measurements  before  and  after  storage  indicated 
changes  in  power  output  of  some  modules  of  up  to  several  percentage  points. 
These  modules  were  returned  to  the  Point  Vicente  site  after  270  days  of 
protected  storage  while  facilities  modifications  were  under  way.  Four  designs 
(glass/EVA/Mylar , glaas/F.VA/Acmet i te g gl ass/pol vurethane  and  glass/ 
polyurethane/Acmet i tel  %rere  observed  to  ”heal”  or  increase  in  power  output* 
Four  designs  (glass/FVA/alumimmi  foil,  Korad/FVA/galvanised  steel*  Tedlar/F,VA/ 
Acmetite/ glass*  reinforced  concrete  and  glass/electrostat ically  bonded  cells/ 
white  EVA/Acmet i te)  appeared  stable*  showing  very  little  average  increase  or 
decrease  in  powr  output.  Only  one  minimodule  design  (Korad/FVA/SuperOorlux) 
decreased  in  power  output. 

Other  events: 

(1)  Minimodules  from  the  Coldscone  field  test  site  %iere  retrieved  and 
I-V  curve  testa  %rere  perfomed. 

(2)  Humidity  testing  of  all  minimodule  designs  was  completed  in 
February  1982. 

(3)  The  final  report  on  the  evaluation  of  the  Battelle  Accelerated 

Test  Plan  was  completed  and  submitted  for  Task  Review  in  March 

1982. 

(4)  Three  Photowatt  Interuat ional * Inc**  minimodules  using  Quinn 

Q62b/62l  polyurethane  aa  a pottant  have  darkened  to  a bronae 
color.  This  change  has  not  been  observed  at  either  the  JPL  or  the 

ft.  Vicente  sites.  The  discoloration  has  not*  ho%rever*  affected 

power  output  levels  in  these  modules. 

(3)  An  interim  report  sunnarising  the  results  of  the  minimodule  field 
testing  was  prepared*  and  significant  results  were  presented  at 
the  20th  Project  Integration  Meeting. 
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INTRODUCTION 


The  objective  of  the  Cell  and  Nodule  Formation  Research  Area  is  to 
identify 9 to  assess,  and  to  conduct  research  on  methods  for  the  formation  of 
solar  modules,  and  to  make  these  technologies  available  to  the  photovoltaic 
industrial  community. 

For  convenience,  process  development  is  grouped  into  four  categories: 
surface  preparation,  junction  formation,  metallisation,  and  module  completion. 


SUMMARY  OF  PROGRESS 

The  Area*s  effort  on  Module  Experimental  Process  Development  Units 
(MEPSDU)  has  been  modified  to  involve  only  the  research  aspects  of  the 
contractors'  prior  activities.  However,  both  Solarex  Corp.  and  Westinghouse 
Electric  Corp.  were  completing  specific  MEPSDU  tasks  at  the  start  of  this 
reporting  period;  these  accomplishments  are  reported  under  their  appropriate 
process  category  headings. 

Three  requests  for  proposals  (RFPs)  were  issuer!  and  the  resulting 
proposals  were  received  and  evaluated  by  JPL.  In  accordance  with  DOE  guide- 
lines two  of  the  three  activities,  module  assembly  and  effluent  treatment, 
have  been  postponed.  The  third  activity,  metallization,  was  pursued  and  a 
contract  was  awarded  to  Spectrolab,  Inc.  for  the  development  of  a thick-film 
metallization  system  based  upon  molybdemmi,  tin,  and  titanium  hydride. 


Surface  Preparation 

Photowatt  International,  Inc.,  is  working  with  silicon  nitride 
(Si3  N4}  antireflection  (AR)  coatings,  which  allow  a metallization  system 
(thick-film)  to  penetrate  during  firing.  The  advantage  of  this  concept  is 
that  no  patterning  of  the  AR  coating  is  required,  either  before  or  after 
metallization.  The  coating  offers  optical  enhancement  right  up  to  the  metal 
edge  with  no  etch  window  or  masked  space  tolerance.  Of  primary  interest  is 
the  fact  that  the  elimination  of  a patterning  step  increases  yields  and 
reduces  costs. 

Solarex  Corp.  has  completed  the  development  of  its  ion-milling  process 
for  junction-edge  cleanup  and  of  its  glass-bead  blasting  process  for  cleanup 
of  cell  back  surfaces  after  firing  in  the  aluminum. 


Junction  Formation 

Spire  Corp.  has  completed  the  design  of  its  non-mass-analyzed  (MMA)  ion 
implantation  machine.  It  has  separated  the  ion  species  being  emitted  from  the 
MMA  source  and  discovered  that  an  acceptable  level  of  contamination  exists. 

The  design  includes  an  electrostatic  beam  defocusing  technique  that  puts  a 
"dog'leg"  offset  into  the  beam  path,  tihich  improves  uniformity  and  reduces  the 
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height  of  the  aachine.  Celle  aade  by  the  NMA  source  ere  es  good  aa  control 
cells  Bade  by  conventional  ion  inplanters. 

Westinghouse  is  applying  a research-oriented  effort  toward  iaprovenenta 
in  junction  fomation  on  silicon  web  aaterial,  including  dopants  applied  as  a 
liquid  and  at  ion  inplantation.  Both  nethods  apply  the  junction  to  the 
desired  side  only,  obviating  nasking  or  renoval  of  the  unwanted  junction 
surface. 

JPL  in-house  junction-fo  .'nation  work  is  directed  toward  pulsed  plasna 
epitaxy.  This  process  involves  the  ablation  of  the  surface  of  the  source 
naterial  by  ion  plasna  pulses.  It  is  an  extension  of  NASA  technology  (as  is 
the  NMA  activity)  that  has  been  utilised  for  pulse  thrusters  on  space 
vehicles.  It  is  hoped  that  this  process  will  allow  heavier,  deeper  junctions 
than  are  practical  by  ion  isqplantation. 


Metallization 

Bernd  Ross  Associates  have  uncovered  a relationship  between  aetal 
(thick-film)  adhesion  and  sintering  in  a hydrogen  environment.  It  is  believed 
that  whe  silicon  surface  hydrogenates  and  as  a result  is  less  acceptant  of 
metal  coatings.  When  fired  in  carbon  monoxide  as  a reducing  atmosphere , the 
metal  adheres  well. 

Photowatt  has  succeeded  in  formulating  a thick-film,  nickel-based  metal 
paste  that  penetrates  the  AR  coating  and  bonds  well  to  the  silicon.  The  metal 
layer  thus  formed  has  excessive  electrical  resistance;  it  was  intended  that 
the  surface  be  built  up  by  copper  plating.  All  plating  solutions  tried  have 
destroyed  the  metal  layer  bond  to  the  silicon.  Photowatt  is  working  with 
fritless  metal  inks  and  other  metal  systems  and/or  additives  in  order  to  solve 
this  problem. 

University  of  Pennsylvania  has  completed  its  assessment  of  metallisation 
design  optimisation  methods.  The  previous  conclusion  that  rectangular  grid 
pattern  designs  are  optimal  has  been  modified  as  a result  of  a detailed 
analysis  of  the  Westinghouse  fan-style  design.  After  individual  optimisation, 
both  designs  perform  comparably.  This  is  not  to  be  taken,  however,  as  an 
indication  that  grid  pattern  design  is  insensitive  to  optimisation. 

Solarex  reports  that  although  its  wave-soldering  process  successfully 
builds  up  electroless  nickel  plating  on  one  cell  surface,  when  applied  to  the 
second  surface  the  first  surface  is  degraded.  There  is  no  indication  that  it 
matters  which  surface,  front  or  back,  is  processed  first. 


Module  Completion 

Westinghouse  modules  have  successfully  completed  environmental  testing 
at  JPL.  The  glass-superstrate  design  has  proven  to  be  humidity-resistant  and 
capable  of  withstanding  specific  temperature-cycling  and  hailstone-inpact 
tests.  The  rolling-spot  ultrasonic  bonding  technique  has  advanced  from  a 
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successfully  demonstrated  concept  to  a completed  and  operating  fabrication 
machine.  This  trork  is  completed. 

JPL  in-house  laboratory  work  has  indicated  that  adhesion  of  ethylene 
vinyl  acetate  (EVA)  to  solar  cell  solder  metallisation  is  a problem. 
Apparently  the  surface  oxide  condition  overrides  the  priming  treatment. 

Normal  metal  passivating  treatments  cannot  be  applied  to  finished  solar  cells. 
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INTRODUCTION 


The  FSA  Engineering  Sciences  Area  has  two  primary  objectives:  to  assist 

in  achieving  module  technical  feasibility  by  developing  engineering  design 
criteria,  test  methods,  analysis  tools,  and  trade-off  data  which  support  the 
engineering  of  optimum  modules  from  a least-cost-array  point-of*^iew,  and  to 
achieve,  at  an  early  date,  technical  feasibility  with  respect  to  the  balance 
of  the  flat-plate  array  subsystem  exclusive  of  the  modules. 

During  the  reporting  period,  activities  within  the  Engineering  Sciences 
Area  emphasised  array  requirements  generation,  array  subsyatem  development, 
module  development,  and  array  performance  criteria  and  test  standards 
development.  A description  of  the  status  of  each  of  the  Engineering  Sciences 
Area  contracts  was  included  in  the  20th  PIN  Handout,  JPL  Internal  Document  No. 
5101-205.  Recent  contractor  and  Engineering  Sciences  Area  publications  are 
listed  on  p«  41. 


ARRAY  REQUIREMENTS 

The  Array  Requirements  activity  addresses  the  identification  and 
development  of  detailed  design  requirements  and  test  methods  at  the  array 
level.  Continuing  areas  of  activity  that  addressed  improved  definition  of 
array  requirements  included  the  establishment  of  module  and  array  electrical 
safety  criteria  and  the  development  of  array-to-power-conditioner  electrical 
interfaces  (coordinated  with  Sandia  and  MIT-LL). 


Safety  Requirements 

A necessary  element  of  module  technical  feasibility,  especially  for 
residential  and  ILC  applications,  is  the  early  development  of  safety 
requirements  for  incorporation  at  the  design  level.  FSA  Engineering  Sciences 
Area  staff  members  participated  in  the  National  Electrical  Code  (NEC) 
Code-Making  Panel  3 (CMP-3)  meeting  on  proposed  PV  revisions  for  the  1984  NEC 
in  Fort  Lauderdale,  Florida,  on  January  12,  1982.  The  proposed  new  Article 
690  addresses  special  array-related  concerns  (maximum  allowable  system 
voltage,  specific  labels  or  markings  for  modules,  and  module  definitions)  and 
was  accepted  in  principle  by  CMP-3  voting  members.  After  formal  voting  by 
letter  ballot  and  processing  by  the  NEC  Correlating  Committee,  Article  690 
will  be  released  for  public  comment  in  June  1982. 

Research  aimed  at  developing  module/panel  and  array  subsystem 
electrical-  and  fire-safety  requirements  continued  with  an  extensive 
reorganisation  of  UL's  draft  final  report  to  emphasize  work  at  the  module 
level  (first  phase)  and  to  include  UL's  "Proposed  Standard  for  Safety, 
Flat-Plate  Photovoltaic  Modules  and  Panels."  This  document  will  supersede  JPL 
Internal  Document  No.  5101-164  (same  title);  final  drafts  are  scheduled  for 
publication  in  1982. 
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In  support  of  array  safety,  General  Electric  Co*  released  a final  report 
disclosing  research  on  protective  bypass  diodes  and  mounting  configurations 
for  modules  with  power  dissipation  requirements  in  the  5*watt  to  30--watt 
range.  In  addition  to  characterising  applicable  p~on-n  silicon  and  Schottky 
diodes,  typical  diodes  were  selected  for  representative  ranges  of  current- 
carrying  capacities.  The  study  also  identified  heat-dissipating  mounting 
concepts  and  thermal  analysis  defining  junction  temperature  as  a function  of 
power  dissipation. 


Power-Conditioning  Interface 

Selection  of  the  optimum  input  voltage  window  for  power  conditioning  is 
influenced  by  array  voltage  fluctuations  caused  by  site  weather  conditions.  A 
continuing  JPL  in-house  analytical  study,  using  SOLMET  typical-year  data 
tapes,  generated  updated  input  for  determining  the  optimum  power-conditioning 
voltage,  current,  and  power  levels  versus  array  parameters.  Specific  areas  of 
activity  on  the  array/power-conditioner  task  included: 

(1)  Submittal  of  the  inritten  input  supporting  the  analysis  to  Sandia 
Labs  for  their  Power-Conditioning  Specification  and  270  review 
drafts  to  the  PV  community;  comments  on  the  report  from  the  large 
distribution  are  being  reviewed  and  collated  in  a JPL  final  report 
draft • 

(2)  Expansion  of  the  characterisation  analysis  and  output  format  to 
investigate  the  effects  of  using  array  I-V  curves  representing 
various  fill  factors  and  degraded  conditions;  a more  complete  set 
of  results  can  now  be  provided  to  the  JPL  Lead  Center  and  Sandia 
workers  involved  in  defining  the  array/power-conditioner  interface 
and  in  power-conditioning  design  efforts. 

(3)  Presentation  of  the  JPL  task  report  and  sumnary  of  recent  results 
at  the  Sandia  Systems  PIM,  February  9 to  11,  in  Albuquerque,  New 
Mexico. 

(4)  Conferring  with  MIT-LL  on  their  array/power-conditioner 
investigation  based  on  a different  analysis  model,  vihich  confirmed 
JPL’ 8 results. 

(4)  Conferring  with  Sandia  workers  on  their  Power-Conditioning 
Specification,  currently  in  the  review  cycle. 


ARRAY  SUBSYSTEM  DEVELOPMENT 

Array  subsystem  development  activity  focuses  on  the  development  of 
conceptual  designs  for  integrated  flat-plate  array  module  support  structures 
as  a key  approach  to  minimizing  total  array  costs.  An  important  output  of 
array  design  is  the  definition  of  specific  design  requirements  addressed  to 
functional  performance,  interface  and  maintainability  (at  the  array  level). 
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integrated  Residential  Arrays 


Residential  array  research  continued  with  a review  of  the  draft  final 
report  documenting  the  candidate  concepts  from  General  Electric  Co.  The 
report  presents  the  evolution  of  GE's  optimised  integrated  residential  array 
design,  displayed  at  the  November  1981  FSA  PIN.  The  report  also  documents  the 
systeiBS'*level  approach  used  in  defining  and  resolving  technology-performance 
tradeoffs  and  includes  production  and  installation  costs  for  the  optimised 
module-array  concept. 

In-house  efforts  have  focused  on  the  utilisation  of  PVC  vinyl  extrusions 
to  complete  a prototype  of  a direct-mounted  residential-array  design  that 
obviates  a lOOZ  watertight  interface  betmen  the  PV  module  and  the  support 
structure.  The  array  accommodates  12  frameless  Block  IV  2 x 4-ft  modules  and 
provides  a test  model  to  verify  structural-loading,  thermal -performance, 
environmental-endurance,  assembly  and  module-installation  considerations 
associated  with  the  design.  The  UV-resistant  PVC  plastic  support  structure 
features  drainage  channels  and  has  the  additional  advantages  of  being 
non-conduct ive  and  light  in  tfeight. 


PV-Thermal  Arrays 

In  the  area  of  PV/thermal  module  development,  drafts  are  currently  under 
review  that  document  the  previously  conducted  performance  and  economic  studies 
on  the  installation  of  PV/T  collector  systems.  Included  are  the  final  task 
report,  “Assessment  of  PV-T  Collectors,"  and  a manuscript  titled  "Viability  of 
Unglazed  PV/T  Collectors  for  Heat-Pump  Applications,"  accepted  by  the  ASMS 
organizing  committee  for  presentation  at  the  April  1982  conference  in 
Albuquerque,  New  Mexico. 


MODULE  ENGINEERING 

Module  engineering  addresses  the  development  of  design  methods,  analysis 
tools  and  design  concepts  necessary  to  support  significant  cost  and 
performance  improvements  at  the  array-element  level.  Activities  are  conducted 
to  clarify  design  tradeoffs,  to  develop  analysis  tools  and  test  methods,  and 
to  provide  general  design  solutions  for  the  PV  conmunity.  Specific  activities 
included  cell-reliability  testing,  module  voltage  isolation,  interconnect 
fatigue,  cell-fracture  mechanics,  and  reliability/durability  research. 


Cell-Reliability  Testing 

The  joint  JPL  in-house/contrac tor-supported  R&D  test  program  to  stress- 
test  and  evaluate  encapsulated  cells  continues  in  cooperation  with  the  Environ- 
mental Isolation  Task  and  the  Cell  and  Module  Formation  Research  Area.  Seven 
new  cell  types  from  six  cell  manufacturers  are  at  Clemson  University  for  Phase  2 
of  the  accelerated  stress  program.  This  phase  will  study  metallization/ 
encapsulation-system-oriented  cell  reliability  and  sensitivity.  Detailed  plan- 
ning for  this  testing  phase  was  completed;  it  involved  development  of  a matrix 
of  available  cell  metallization  types  versus  a wide  spectrum  of  recommended 
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encapsulation  systems.  A subset  of  the  possible  matrix  combinations 
(metallizations  and  encapsulation  systems)  was  selected  for  initial  sample 
experimentation.  Results  from  the  pre-test  experiments  verified  the  required 
level  of  integrity  necessary  for  the  samples  and  for  Clerason  investigations. 
Research  and  development  groups  at  two  manufacturers  have  also  prepared  a 
total  of  seven  different  types  of  encapsulated  cell  test  specimens  that  will 
also  be  included  in  the  Clemson  Phase  2 investigations.  Followup  failure 
analysis  from  these  test  specimens  will  be  coordinated  closely  between  Clemson 
and  the  cell  suppliers  to  understand  any  failure  mechanisms  that  may  be 
uncovered . 


Module  Voltage  Isolation 

The  voltage-isolation  task  addresses  the  source  and  magnitude  of  leakage 
currents  to  ground  caused  by  initial  insulation  flaws  or  material  aging.  The 
development  effort  is  directed  toward  predictions  of  module  life  i.nd  providing 
for  human  safety.  Activities  during  the  reporting  period: 

(1)  The  high-voltage  electrical  insulation  environmental  test  chamber 
(HIVEC)  for  accelerated  aging  of  minimodules  and  test  coupons  with 
experimental  encapsulants  was  completed  and  is  undergoing 
preliminary  shakedom  tests.  Representative  Block  17,  PRDA  and 
commercial  designs  plus  test  coupons,  supplied  by  the  Cell  and 
Module  Formation  Research  Area  and  the  Environmental  Isolation 
Task  in  a joint  testing  program,  are  scheduled  for  ^ilVEC  voltage 
and  environmental  testing. 

(2)  Electric  insulation  research  activity  achieved  a m;ijor  milestone 
with  the  final  delivery  of  a state-of-the-art  ac/dc  partial- 
discharge  pulse  analyzer.  The  large  apparatus,  which  has  been  on 
order  from  James  Biddle  Co*  for  more  than  a year,  will  serve  as 
the  key  investigative  tool  in  analyzing  electrical  breakdo%m 
phenomena  in  modules,  array  circuitry  components  and  apnlicable 
insulation  materials.  The  Cell  and  Module  Formation  Research  Area 
is  preparing  coupon  test  specimens  supporting  voltage-breakdown 
testing  of  insulation  systems  with  EVA  and  EMA  encapsulants. 

(3)  Characterization  of  voltage-breakdown  levels  of  various  contractor 
and  J?L  in-house  polyester  films  and  multilayer  composites  using 
the  low-voltage  breakdown  apparatus  continued  with  a focus  on  the 
effects  of  aging.  A four-layer  composite  Mylar  film  was  aged  for 
two  months  at  40^C  and  90Z  RH  and  then  dried  for  several  days  in 

a desiccating  chamber  to  shake  down  the  aging  equipment.  The  film 
will  now  be  subjected  to  voltage  breakdown  testing,  and  changes, 
if  any,  in  voltage  breakdom  characteristics  as  a result  of  aging 
will  be  ascertained* 


Interconnect  Fatigue 

Examination  of  the  mechanical-fatigue  life  of  cell  interconnects  is 
continuing  in  an  effort  to  obtain  a 20-year-life-predictive  model.  Computer 
code  ia  being  generated  to  fit  interconnect  failure  data  to  a Weibull 
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probabilistic  function  for  predicting  interconnect  failures.  The  interconnect 
fatigue  report  ”Solar-Cell  Interconnect  Design  for  Terrestrial  Photovoltaic 
Nodules"  was  accepted  by  the  ASME  organising  comaittee  for  presentation  at  the 
April  1982  meeting  in  Albuquerque,  New  Mexico. 

Fatigue  testing  of  5-mil-thick  clad  laminates  and  aluminum  interconnects 
continued;  the  generated  fatigue  resistance  data  will  be  compared  with  the 
performance  of  commonly  used  silver-tinned  copper  interconnects.  Difficulty 
was  experienced  in  joining  aluminum  interconnects  to  solar  cells  and  copper 
pads  during  earlier  fatigue  tests;  however,  the  soldering  problem  was  overcome 
by  electroplating  the  aluminum  strips*  A second  interconnect  shaker  was 
constructed  to  aid  in  fatigue  testing  and  data-collection. 


Cell-Fracture  Mechanics 

The  fracture-mechanics  study  of  silicon  solar  cells  encompasses  a test 
program  to  determine  the  effects  of  temperature,  chemical  environments  and 
specific  light  intensities  on  the  fracture  strength  of  silicon  wafers.  The 
test  program  evaluates  the  fracture  strength  of  silicon  wafers  from  the  same 
lot  (same  ingot  and  sawing  condition)  at  several  temperatures  ranging  from 
-40^C  to  'Fl50^C  and  in  several  chemical  environments  covering  the  %diole  pH 
range*  Several  solar-cell  manufacturers  were  asked  to  supply  silicon  wafer 
samples  for  the  test  program. 

Efforts  centered  on  the  evaluation  of  the  effect  of  light  on  the 
mechanical  strength  of  silicon  solar  cells.  Preliminary  tests,  conducted  with 
Motorola  chemical-polished  Cz  wafers,  subjected  cells  to  biaxial  stresses  in 
dark  irradiated  environments.  Irradiation  was  provided  by  quartz  halogen 
fiber-optic  lamps.  The  results  indicated  significant  increases  in  the  biaxial 
strength  of  the  chemical-polished  Cz  wafers  with  irradiation.  Further  testing 
is  planned  to  identify  the  mechanism  that  causes  increased  strength  in  a 
lighted  environment. 


Reliability/Durability  Research 

Specific  reliability  and  durability  development  efforts  are  addressed  to 
provide  the  technical  base  required  to  achieve  reliable  modules  with  20-year 
lifetimes.  IITRI  has  completed  its  work  in  compiling  reliability  data  on  all 
module  design  technologies  versus  performance  of  each  design  technology  in 
field  use  and  in  field  tests. 

JPL  in-house  efforts  included  the  development  of  a humidity  degradation- 
rate  curve  based  on  comparisons  of  humidity  testing  cycles  and  humidity- 
temperature  data  from  SOLMET  weather  tapes.  To  obtain  the  required 
temperature— humidity  acceleration  factors,  a contract  was  initiated  with  Wyle 
Laboratories  to  subject  Blocks  II,  III  and  IV  minimodules  to  a nine— month 
humidity  test  in  environments  of  40®C,  93%  RH  and  85°C,  85X  RH.  Engineering 
Sciences  Area  workers  continued  with  the  data  analysis  of  module  failures 
after  180  days  of  accelerated  humidity-temperature  testing.  Specific  visual 
and  electrical  module  degradation  was  coordinated  with  Management  Audit  and  the 
Module  Performance  and  Failure  Analysis  Area  to  correlate  similar  module  field- 
site  degradation  data  and  to  quantify  aging  rates.  Data  from  the  previously 
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conducted  Clenison  University  temperature'-humidity  tests  is  under  review  for 
significant  aging  mechanisms  and  rates  to  supplement  the  Wyle  test  series. 

Long*term  teiq;>erature-soak  testing  with  Blocks  III  and  IV  minimodules  in 
85^C  and  lOO^C  chambers  was  initiated  at  Wyle  and  supports  the  development  of 
temperature-degradation  rate  curves.  Data  from  these  tests  will  be  compared 
with  the  Wyle  humidity-temperature  test  results  to  separate  the  aging  effects 
of  humidity  and  temperature. 

PERFORMANCE  CRITERIA  AND  TEST  STANDARDS 

Active  interfaces  are  maintained  between  FSA  Engineering  Sciences  Area 
activities  and  the  SERI  Performance  Criteria/Test  Standards  (PC/TS)  Project  to 
establish  an  Interim  Performance  Criteria  (IPC)  document  (Issue  2),  and  test 
standards  covering  both  flat-plate  and  concentrator  arrays.  The  Engineering 
Sciences  Area  and  SERI's  IPC-2  edit  team  focused  on  final  reviews  of  environ- 
mental test  methods  for  flat-plate  modules;  Arizona  State  University  people 
conducted  an  Electrical  Performance  Subgroup  meeting  January  26,  1982,  to 
finalize  reformatted  copies  of  electrical-performance  test  methods  for  con- 
centrating photovoltaics. 


ENGINEERING  SUPPORT 

Engineering  interface  activities  provide  for  transfer  of  array  require- 
ments, specifications,  conceptual  designs,  design  guidelines,  analysis  tools 
and  test  methods  to  the  overall  photovoltaic  community.  During  this  reporting 
period  JPL  Engineering  Sciences  Area  staff  members  participated  in  the  South- 
west Residential  Experimental  Station  Consulting  Committee  meeting  and  the 
Sandia  National  Laboratories  PV  Residential  Overview  Committee  meeting  held  in 
Las  Cruces,  New  Mexico,  December  1 and  2,  1981.  The  meetings  provided  an 
opportunity  for  industry  to  comment  on,  and  influence  the  direction  of,  the 
federal  effort  in  residential  photovoltaics. 

Several  manuscripts  were  submitted  by  Engineering  Sciences  Area  staff 
members  for  publication  in  IEEE  Transactions  on  Reliability,  featuring  Solar 
Energy  Devices  and  Systems.  Topics  included: 

(1)  ”Photovoltaic  Array  Power  Conditioner  Interface  Requirements," 

C.C.  Gonzalez. 

(2)  "Advanced  Residential  Photovoltaic  Array  Designs,"  R.S.  Sugimura, 
N.E.  Shepard  and  G.  Royal. 

(3)  "Photovoltaic  Array  Grounding  and  Electrical  Safety,"  A.  Levins 
and  R.S.  Sugimura. 

(4)  "Flat-Plate  Photovoltaic  Module  and  Array  Engineering," 

R.G.  Ross,  Jr. 
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Recent  Contractor  Publications 

1.  Bypass  Diode  Integration,  Final  Report  No.  DOE/JPL  955894-5 » prepared 
for  JPL  by  General  Electric  Co.  Advanced  Energy  Prograns,  Philadelphia, 
Pennsylvania  19101,  December  1981. 

2.  Integrated  Residential  Photovoltaic  Array  Developaient,  Final  Report 

No.  DOE/JPL  955893-82/3,  prepared  for  JPL  by  AlA  Foundation,  Washington, 
D.C.  20006,  April  1982. 

3.  Integrated  Residential  Photovoltaic  Array  Development,  Final  Report  No. 
DOE/JPL  955894-6,  prepared  for  JPL  by  General  Electric  Co.  Advanced 
Energy  Programs,  Philadelphia,  Pennsylvania  19101,  April  1982. 

4.  Coimercial/Industrial  Photovoltaic  Module  and  Array  Requirement  Study, 
Final  Report  No.  DOE/JPL  955698/81-1,  prepared  for  JPL  by  Burt  Hill 
Kosar  Rittelmann  Associates,  Butler,  Pennsylvania  16001,  December  1981. 


Recent  Engineering  Sciences  Area  Publications 

1.  Mon,  G.R.,  Moore,  D.M.,  and  Ross,  R.G.,  Jr.,  Interconnect  Fatigue  Design 
for  Terrestrial  Photovoltaic  Modules,  JPL  Document  No.  5101-173,  Jet 
Propulsion  Laboratory,  Pasadena,  California,  March  1,  1982. 
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INTRODUCTION 


The  overal ' objective  of  the  Module  Performance  and  Failure  Analysis 
(MPFA)  Area  is  to  evaluate  the  reliability  and  durability  of  modules  that  are 
constructed  using  the  improved  techniques  researched  in  the  other  FSA  Tasks 
and  Areas.  This  is  accomplished  through  a structured  program  of: 

(1)  Procurement  of  modules  to  a specification. 


(2)  Environmental  stress  testing. 

(3)  Detailed  failure  analysis. 

(4)  Operation  in  a field  environment  to  obtain  data  that  will: 

(a)  Confirm  the  reliability  and  durability  of  the  tested  article* 

(b)  Confirm  the  validity  of  the  environmental  test  regimen 
imposed  in  item  (2). 

Accomplishment  of  this  work  also  requires  implementation  of  an  accurate 
repeatable  and  reliable  performance  measuring  system.  Work  activities  and 
accomplishments  in  all  of  these  activities  of  the  Area  during  the  reporting 
period  are  described  below* 


MODULE  DEVELOPMENT 
Block  IV  Design  and  Qualification 

Work  came  to  an  end  on  one  of  the  two  remaining  open  contracts  for 
Block  IV  rnodu?.  designs.  The  ARCO  Solar,  Inc.,  residential  module  failed  to 
pass  the  environmental  qualification  test,  and  ARCO  declined  to  make  further 
changes  in  the  design  essential  to  passing  the  tests*  Delamination  of  the 
Tedlar  front  cover  in  the  area  of  the  bends  in  the  steel  substrate  of  the 
batten  seam  module  was  the  most  obvious  defect.  The  Photowatt  International, 
Inc«,  modulid  passed  all  environmental  tests,  but  failed  the  final  high-*pot 
test.  The  substitution  of  a continuous  rather  than  pieced  vinyl  gasket  around 
the  periphery  of  the  laminate  is  expected  to  solve  this  problem. 


Block  IV  Production  Orders 

Work  on  production  orders  has  not  flowed  smoothly.  ARCO  did  deliver  the 
full  complement  of  intermediate*load  modules  within  two  months  of  the  release, 
but  Applied  Solar  Energy  Corp.  modules  delivered  under  the  purchase  order 
developed  delarination  in  the  encapsulation  system.  This  problem  has  been 
studied  and  found  to  be  the  result  of  improper  assembly.  A sample  of  new 
modules  has  been  received  and  are  presently  in  the  tuermal  test  cycle.  If 
these  modules  are  satisfactory,  the  remainder  of  the  production  order  will  be 
del ivered. 


rjLMED 
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The  requisition  for  the  purchase  of  ARCO  residential  modules  was 
cancelled  because  these  modules  did  not  survive  the  environmental  tests  and 
ARCO  declined  to  continue  work.  The  Photowatt  purchase  order  remains  on  hold 
pending  completion  of  the  design  contract. 

Solarex  Corp.  nodules  repaired  to  a specified  procedure  have  been  tested 
at  JPL  and  the  repair  procedure  has  been  found  to  be  satisfactory.  Solarex 
will  now  be  able  to  deliver  the  modules  remaining  on  these  orders. 


Block  V Design 

Design  studies  of  modules  for  Block  V were  carried  through  the  prelimin- 
ary design  phase  by  six  contractors:  ARCO,  General  Electric  Co.  Mobil  Tyco 

Solar  Energy  Corp.,  RCA  Corp.,  Solarex,  and  Spire  Corp.  These  generally  were 
studies  resulting  in  a paper  design  only;  however,  the  GE  module  was  fabricated 
and  tested  as  one  of  the  candidate  modules  for  the  Georgetown  Project,  and  ARCO 
assembled  a laboratory  model  of  its  proposed  design.  Many  of  the  features  of 
the  designs  are  stumoarized  in  the  illustrative  material  found  in  this  report 
in  the  presentation  made  by  L.  D,  Runkle  during  the  plenary  session  of  the 
20th  PIM  (see  p.  99).  Briefly,  a few  of  the  trends  are: 

(1)  Module  power  output  is  increasing. 

(2)  Efficiencies  of  modules  appear  to  be  leveling  off  around  a maximum 
of  11.5%  measured  at  the  peak  power  conditions 

(3)  All  designers  chose  to  encapsulate  modules  with  EVA. 

(4)  All  modules  use  a low-iron  glass  as  the  top  surface. 

(5)  Redundant  interconnects  are  in  universal  use, 

(6)  Diode  protection  is  applied  around  series  blocks  of  12  cills  as  a 
maximum. 

(7)  Ribbon  cells  have  made  their  appearance  in  a JPL  Block  module 
design. 

(8)  The  accepted  configuration  appears  to  have  shifted  to  modules 
without  metallic  frames. 


MODULE  TEST  AND  EVALUATION 
Performance  Measurements 

The  selection,  fabrication  and  calibration  of  15  new  reference  cells 
have  been  completed  in  support  of  Sandia  Laboratories  and  for  other  module 
testing  by  JPL.  Spectral  response  and  id«.  twification  of  these  cells  are  also 
complete.  Temperature  coefficient  measurements  and  final  sealing  cells  are 
awaiting  the  completion  of  modifications  to  the  large-area  pulsed  solar 
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aimulator  (LAPSS)  II  hardware*  In  additloni  four  new  cells  will  be  selectedt 
fabricated  and  calibrated  for  use  in  evaluating  Mobil  Tyco  nodules. 

A proposal  to  build  and  calibrate  reference  cells  has  been  received  fron 
DSET  Labe 1 stories,  Inc*  This  proposal  is  presently  in  the  negotiation  state* 
Pending  successful  negotiations,  JPL  plans  to  provide  DSET  with  three  types  of 
cells:  Spire,  ASEC  (2SR),  and  Mobil  Tyco  (production);  DSET  will  provide  four 

calibrated  cells  of  each  type  to  JPL  for  evaluation* 

During  the  . few  months,  experiments  were  conducted  to  evaluate  a 
Schott  GC-A  filter  for  use  with  the  LAPSS  systems  to  simulate  AMI *5  spectral 
irradiance*  A paper  on  the  results  was  presented  at  the  20th  PIM*  The  filter 
reduces  the  intense  ultraviolet  output  of  the  LAPSS,  producing  a light  -ource 
that  closely  approximates  a terrestrial  AMI *3  spectrum.  A group  of  four 
calibrated  reference  cells  wve  int^  compared  and  peak  errors  of  as  much  as  7Z 
for  the  unfiltered  LAPSS  were  reduced  to  IZ  for  the  LAPSS  with  the  Schott  GG-A 
filter.  The  tests  also  revealed  that  using  the  red-blue  ratio  as  a o ^hod  of 
selecting  reference  cells  can  produce  errors  as  high  as  6Z.  It  is  apparent 
that  with  this  filtered  LAPSS  it  will  not  be  necessary  to  use  spectrally 
matched  reference  cells  to  measure  the  output  of  any  existing  modules  and  it 
should  also  provide  an  excellent  means  of  providing  secondary  calibrated 
reference  cells  of  high  accuracy*  Further  tests  are  planned  to  determine  the 
filter  stability  and  possible  limitations  on  its  use* 

Equipment  failures  in  the  LAPSS  system  forced  only  a few  short-term 
shutdowns  of  the  PDP  11/60  computer,  which  is  now  backed  up  by  an  operational 
Nova  minicomputer  in  the  LAPSS  I.  Simultaneous  operation  of  the  LAPSS  I and 
LAPSS  II  with  the  PDP  11/60  computer  has  not  been  totally  achieved;  however, 
software  modifications  are  in  progress  that  will  allow  simultaneous  operation 
except  when  one  of  the  LAPSS  systems  is  actually  being  flashed  and  the 
acquired  data  is  being  transmitted  to  the  PDP  11/60.  Real-time  messages  will 
be  displayed  on  the  other  LAPSS  console  when  a flash  is  in  progress.  The 
LAPSS  II  is  presently  being  checked  and  modified  for  compatibility  with  the 
high-current  50-A  load. 

'lectrical  performance  testing  using  the  two  simulators  has  been  in 
great  uemand.  In  addition  to  the  measurements  required  during  the  testing  of 
the  Georgetown  modules  and  the  regular  testing  sequences,  minimodules  from  the 
Engineering  Sciences  Area  and  the  Environmental  Isolation  Task  have  required 
measurements  in  connection  with  the  accelerated  environment  testing  program 
and  the  reliability  and  durability  studies  on  encapsulants*  On  top  of  that, 
fiK.'li-test  task  has  had  modules  measured  before  installation  in  e field* 

Environmental  Testing 

Testing  six  sets  of  modules  to  the  requirements  of  the  Block  V 
specifications  for  the  Georgetown  project  has  been  the  principal  activity  in 
the  environmental  facility.  The  modules  were  received  at  JPL  in  mid-January 
and  the  tests  flowed  generally  according  to  the  forecast  schedule.  Most 
testing  was  completed  by  the  end  of  the  reporting  date;  however,  the  sheet 
bulk  of  one  specimen,  which  represented  a roof  section,  delayed  completion  of 
that  particular  set  of  modules.  Results  of  this  testing  have  been  communicated 
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to  Oak  Ridge  Operations  and  Georgetovn  University  people,  who  also  took  a 
first*-hand  look  at  the  test  results  as  participants  in  the  PIM. 

During  the  course  of  the  testing  program  for  Georgetown  modules,  tests 
on  the  JPL  Block  IV  or  comaercially  produced  modules  were  run  %9hen  feasible* 
The  results  of  these  later  tests  are  giver*  in  Table  3*  As  can  be  seen  from 
the  table,  testing  has  been  performed  on  Block  IV  and  coMercial  modules  at 
some  of  the  Block  V levels*  Several  modules  have  performed  satisfactorily  in 
some  of  the  Block  V tests,  but  no  modules  other  than  the  Georgetown  modules 
have  been  subjected  to  the  full  schedule  of  Block  V tests. 


Field  Test 

Field  Test  activities  were  centered  on  the  restructuring  plan*  The  main 
effort  consisted  of  installing  the  modules  required  to  form  arrays,  installing 
and  activating  the  irradiance-measuring  instruments  and  completion  of  the 
portable  I-V  array  data  logger* 

Three  of  the  arrays  were  installed  at  the  JPL  test  site*  The 
installation  included  su>unting  the  modules,  wiring  them  into  array 
configurations,  linking  them  to  the  computer,  and  connecting  the  arrays  to 
fixed  loads.  Each  array  is  made  up  of  modules  from  the  same  manufacturer* 

The  Motorola  Inc*  array  contains  20  Block  IV  intermediate-load  modules,  the 
ARGO  array  contains  18  automated  assembly^line  modules,  and  the  Solarex  array 
has  22  Block  IV  intermediate-load  modules*  The  fixed  loads  approximate  the 
maximum  power  point  for  each  array.  Because  of  computer  problems,  daily  data 
on  these  modules  and  arrays  is  not  being  obtained  but  is  expected  soon* 

In  addition  to  the  arrays,  four  modules  from  different  manufacturers 
were  installed  and  instrumented  with  thermocouples  to  monitor  the  temperature 
of  the  cells  in  the  module  under  open-circuit  conditions*  The  modules  were 
manufactured  by  Motorola,  ARGO,  ASEG  and  Solarex*  Each  module  has  three 
thermocouples  mounted  on  the  substrate  behind  cells  at  the  top,  middle  and 
bottom.  The  Motorola  and  ARGO  modules  have  three  additional  thermocouples 
mounted  on  the  substrate  next  to  the  cells  that  have  thermocouples.  When 
daily  data  acquisition  is  initiated  their  data  will  be  acquired  along  with  the 
module  I-V  data. 

The  instruments  used  to  measure  irradiance  at  the  JPL  test  site  were 
installed  and  operated  for  several  weeks.  The  installation  and  a preliminary 
analysis  of  some  of  the  data  %fere  presented  at  the  20th  PIM*  The  analysis 
included  «:he  effects  of  turbidity,  cime  of  day,  and  mounting  plane  on  the 
dif fuse-to-total-irradiance  ratios. 

The  portable  I-V  high  power  array  data  logger  was  displayed  at  the  20th 
PIK.  A power  supply  was  used  to  simulate  an  array  so  that  the  process  of 
obtaining,  displaying  and  storing  an  I-V  curve  could  be  demonstrated*  The 
software  required  to  utilise  fully  the  logger's  capabilities  is  75Z  complete* 
When  the  software  is  completed  the  system  must  be  checked  out  using  arrays 
with  high  voltage  and  current  output. 
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Table  3.  Test  .Results  for  Block  IV  Modules  (Cont'd) 
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FAILURE  ANALYSIS 

The  quarterly  Problen/Failnre  Report  (PFR)  auiHary  issued  in  February 
showed  a total  of  1108  PFRs  issued  since  *'he  inception  of  FSA.  Of  these,  978 
have  been  investigated  and  formally  closed*  PFRs  are  written  when  anomalous 
performance  occurs,  %fhether  during  qualification  testing,  operation  in  the 
field,  or  special  tests,  or  on  other  occasions  such  as  incoming  inspection* 
Most  (6ir)  of  the  PFRs  were  %n:itten  during  qualification  testing,  %diich  is 
regarded  as  part  of  the  design  sequence  for  a solar  cell  module*  It  is 
notable  that  more  than  half  of  those  written  during  the  qualification  testing 
sequence  are  issued  after  the  thermal  cycling  tests* 

Copies  of  the  new  and  the  closed-out  PFRs  were  sent  to  the  involved 
manufactuiers  in  November  1981  and  again  in  February  1982. 

A sp:>cial  effort  was  made  to  study  the  effects  of  temperature  on  the 
level  of  leakage  current  for  a particular  module.  JPL  specifications  require 
that  a voltage-isolation  or  hi-pot  test  be  run  at  room  temperature  to  assure 
that  the  electrically  active  portion  of  a solar  cell  module  is  sufficiently 
isolated  from  the  module  frame  or  whatever  conducting  siounting  is  used. 
Typically,  as  in  Block  IV  intermediate-load  modules,  a potential  of  2000  V is 
applied  between  the  cell  string  and  the  frame  of  the  module*  The  current  flow 
is  to  be  less  than  50  fjA*  For  the  particular  laminated  module  studied,  %ihich 
used  a PVB  encapsulant  and  a back  skin  with  a metal  foil  in  a Tedlar  sandwich, 
it  %ias  found  that  leakage  current  was  strongly  dependent  upon  temperature*  At 
nominal  operating  temperatures  between  40^  and  60^C,  leakage  currents  in 
excess  of  50  fiA  for  test  voltages  down  to  500  Vdc  are  expected*  These 
experiments  were  described  briefly  at  the  20th  PIM  by  A*  Shumka  (see  p.  500)* 

The  laser-scan  facility  has  been  modified  to  accept  modules  assembled  up 
to  4 X 6 ft.  Laser  scanning  is  now  used  routinely  to  screen  modules  for 
latent  defectb  before  running  through  the  environmental  test  sequence*  The 
large  influx  of  modules  for  Georgetown  testing  constituted  a large  part  of  the 
laser-scanning  effort. 


PROCEEDINGS 


INTRODUCTION 


The  20th  Project  Integration  Meeting  of  the  Flat-Plate  Solar  Array 
Project  (FSA)  of  the  Jet  Propulsion  Laboratory  (JPL)  was  held  at  the  Pasadena 
Center,  Pasadena,  California,  on  April  21  and  22,  1982.  The  meeting  had  two 
themes:  Future  Photovoltaic  Research  Needs,  and  FSA  Progress. 

In  plenary  session  presentations  were  offered  on  the  redirection  of  the 
Project,  on  needs  in  photovoltaic  research,  and  on  the  status  of  several 
research  areas  and  PV  projects. 

A sunmary  of  plenary  session  presentations  follows: 

M.  Prince,  chief  of  the  Collector  Research  and  Development  Branch  of  the 
U.S.  Department  of  Energy,  presented  DOE  budget  plans  for  1982,  including 
general  funding  levels  and  key  program  achievements,  and  summarized  activities 
that  are  cost-shared  with  industry;  cell  efficiency  improvements  with  time, 
and  industry  accomplishments. 

Eugene  Frankel,  Science  Consultant  to  the  Subcomaittee  on  Energy  Develop- 
ment and  Applications,  U.S*  House  of  Representatives,  discussed  attitudes  in 
the  U.S  House  of  Representatives  regarding  prospects  for  future  funding  of 
solar  energy  activities.  In  seeking  adequate  funding  for  photovpl talcs,  the 
photovoltaic  industry  must  offer  Congress  a unified  position  and  not,  as  it  has 
in  the  past,  a fragmented  set  of  inconsistent  positions,  he  said;  Congress  has 
heard  in  the  past  a number  of  voices,  some  saying  that  emphasis  should  be  on 
advanced  RAD,  some  that  technology  development  is  more  important,  others 
calling  for  emphasis  in  still  other  areas.  He  said  that  Congress  is  listening 
to  industry,  and  is  waiting  for  instructions  from  the  photovoltaics  community, 
but  they  must  be  clear  and  simple,  basic  statements  of  principle,  rather  than 
pleas  for  a clutter  of  projects  and  studies  that  do  not  represent  the  needs  of 
photovoltaics  as  a whole. 

W.  T.  Callaghan,  Flat-Plate  Solar  Array  Project  (FSA)  Project  Manager, 
presented  the  latest  thinking  about  how  FSA  will  redirect  its  activities  away 
from  its  recent  product-oriented  technology  development  efforts  and  toward 
longer-term  research  on  technical  problems  that  could  limit  future  large-scale 
use  of  photovoltaics.  With  the  emphasis  on  research,  the  Project  is  now 
organizing  a series  of  workshops  addressing  the  key  basic  technological 
questions  by  specific  topic.  Intervals  between  Project  Integration  Meetings 
are  being  extended  because  there  are  fewer  contracts  within  FSA  and  because 
work  under  those  contracts  has  been  attenuated. 

M.  H.  Leipold  of  JPL  sumnarized  the  status  of  polysilicon  activities, 
highlighted  by  Union  Carbide  Corp.  (UCC)  moving  the  silane  portion  of  the 
experimental  process  system  development  unit  (EPSDU)  to  Washougal,  Washingtcn. 
UCC  is  paying  for  the  completion  and  operation  of  the  silane  EPSDU,  and  will 
provide  i:s  test  data  in  return  for  title  to  the  equipment.  DOE  will  continue 
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to  fund  research  on  the  silane-to-ailicon  deposition  process.  Progress  also 
continues  on  the  Hemlock  Semiconductor  Corp.  dichlorosilane  process. 

A siKsnary  of  advanced  Cz  ingot*grovth  activities  was  presented  by 
R.  L.  Lane  of  Kayex  Corp.  Kayex  has  gro%m  five  ingots  (totalling  150  kg)  from 
one  crucible  by  use  of  chunk  silicon  replenishment  between  in^ot  pulls.  The 
cost  of  the  ingot  growth  has  been  reduced  from  $80/kg  (conventional  Cz  growth) 
to  $20/kg.  Further  improvements  can  be  made  by  achieving  a better  under-* 
standing  of  crystalline  silicon  growth  and  the  influence  on  growth  of 
contaminants  from  the  atmosf^ere  and/or  the  crucible.  This  should  lead  to  a 
higher  percentage  of  monocrystalline  growth  and  possible  increased  growth 
rates. 


The  FSA  Block  V Module  design  efforts  of  six  manufacturers  were 
sumnarized  by  L.D.  Runkle  of  JPL.  General  Electric  Co.,  Mobil  Tyco  Solar 
Energy  Corp.  and  Spire  Corp.  made  residential  designs  and  ARCO  Solar,  Inc., 

RCA  Corp.  and  Solarex  Corp.  made  module  designs  for  intermediate-load 
applications.  This  was  Mobil  Tyco's  and  RCA*s  first  participation  in  FSA 
Block  module  efforts.  It  is  planned  that  a few  prototype  modules  of  each 
design  will  be  fabricated.  The  modules  incorporated  advanced  concepts,  were 
larger  than  earlier  ones  and  had  high  power  output. 

G.  J.  Jones  of  Sandia  National  Laboratories  sunnnarized  the  results  of  a 
ntimber  of  photovoltaic  central  power-station  studies.  Analysis  based  upon 
vendor  quotes  and  construction  contractor  bids  indicate  that  $50/m^  for  area- 
related  costs  for  flat-pate  arrays  is  achievable.  A study  of  electrical  design 
tradeoffs  for  multimegawatt  systems  was  recently  completed  by  Bechtel  Group, 
Inc.  The  values  of  photovoltaic  central-station  p>  \nts  for  various  regions  can 
be  determined  from  an  energy  scenario  effects  study  m-'leted  by  GE. 

S.  L.  Leonard  (Aerospace  Corp.)  discussed  the  potential  value  to  an 
organization  of  third-party  financing,  facilitated  by  federal  and  state  tax 
incentives . 

D.  Price  of  Georgetown  University  and  Dr.  Yudi  Gupta  of  Science 
Applications,  Inc.  (SAI),  described  Georgeto%m  University  plans  for  a 300-kW 
roof-mounted  photovoltaic  power  system  for  GU*s  new  intercultural  center,  as  a 
part  of  a new  energy-efficient  power  system  at  the  University. 

R.  V.  Powell  of  JPL  presented  a status  report  on  plans  for  the 
Sacramento  Municipal  Utility  District  (SMUD)  1-MW  photovoltaic  power  plant. 

DOE,  the  California  Energy  Commission,  and  SMUD  will  fund  the  project 
cooperatively.  Negotiations  are  proceeding  to  complete  arrangements  among  the 
three  parties. 

A.  T.  White  of  ARCO  Solar  presented  an  overview  of  the  new  1-MW 
photovoltaic  central-station  installation  that  ARCO  Solar  will  install  in 
1982.  The  power  generated  at  this  site,  in  the  desert  northeast  of  Los 
Angeles,  will  be  purchased  by  Southern  California  Edison  Co.  Approximately  10 
kW  of  flat-plate  modules  will  be  mounted  on  each  two- axis  tracking  unit. 

M.  Sagenkahn  of  Shell  Oil  Co.  presented  a stminary  of  economic  forecasts 
of  U.S.  energy  supply  and  consumption.  Consumption  by  user  groups  and  supply 
by  various  technologies,  including  projected  growth  rates,  were  shown.  He 
forecast  future  syncrude  and  syngas  capabilities  as  well  as  future  renewables. 
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As  fuel  prices  increase  the  rate  of  energy  consumption  decreases  faster  than 
was  expected  12  to  18  months  ago*  Consequently,  future  fuel  price  estimates 
have  been  revised  downward*  He  noted  that  renewables  must  stand  on  their  own 
merit  if  they  are  to  be  widely  used.  Eventual  economic  competitiveness  of 
photovoltaics  is  more  a function  of  manufacturing  costs  per  peak  watt  than  of 
orice  increases  of  traditional  power*  The  biggest  uncertainty  in  energy  fore- 
casts is  the  possibility  of  petroleum  supply  disruptions,  which  necessitates 
developoient  of  alternative  energy  sources* 

E.  L*  Ralph  of  Spectrolab,  Inc«,  presented  a history  of  terrestrial  PV 
showing  that  photovoltaic  potential  was  well  perceived  and  a good  technology 
development  plan  was  formulated  and  implemented.  Progress  has  been  made  but 
there  is  a need  to  formulate  an  updated  plan  based  upon  today's  situation* 

R.  W.  Taylor  of  the  Electric  Power  Research  Institute  described  the 
parameters  used  by  an  electric  utility  in  performing  tradeoff  analyses  of 
potential  alternative  energy  sources.  The  analyses  vary  with  many  factors, 
including  utility  location,  type  of  consumer  loads,  local  fuel  availability 
and  costs*  Examples  were  shown  for  a number  of  utilities.  Many  technical, 
institutional,  and  operational  factors  also  must  be  considered.  Examples  of 
photovoltaic  cost-versus-ef f iciency  tradeoff  charts  relating  module  and 
balance-of-systera  costs  against  efficiency  were  shown  for  flat-plate  and 
concentrator  sys  terns . 

E.  Kern  of  the  Massachusetts  Institute  of  Technology  Lincoln  Laboratory 
(MIT-LL)  discussed  research  on  residential  PV  power  systems  based  upon  the 
experience  cf  MIT-LL  in  implementing  the  DOE  Residential  Demonstration 
Project,  especially  the  Northeast  Residential  Experiment  Station  (NE  RES). 

There  is  an  immediate  need  for  improved  power-conditioner  operational  and 
reliability  capabilities*  Continuing  evaluation  of  photovoltaic  power  systems 
is  required  to  verify  long-term  p>erfonnance,  reliability  and  utility  interface 
effects.  In  the  long  tenPt  the  price  of  photovoltaic  power  systems  must 
decrease,  especially  of  modules. 

R.  Li  Me  of  Spire  Corp.,  as  the  president  of  a small  independent  photo- 
voltaic manufacturing  company,  has  a view  of  the  future  of  photovoltaics  dif- 
ferent from  that  of  a large,  well  financed  company  such  as  an  oil-company- 
supported  PV  business.  It  is  difficult  for  small  companies  to  continue  in 
business  today  without  government  support  of  research  and  development  because 
the  potential  revenue  from  research  and  development  is  still  small  compared 
with  investment  requirements.  Historically,  most  technical  innovation  has  come 
from  small  independent  businesses;  thus,  advancements  in  photovoltaic  technology 
can  be  expected  to  slow  down  until  there  is  a healthy  climate  for  small  business. 

An  industries  perspective  of  PV  research  needs  was  presented  by  Juris 
Kalejs  for  R.V.  Ravi  of  Mobil  Tyco  Solar  Energy  Corp.  Objectives  and  features 
of  industry  needs  were  discussed  for  the  materials,  devices,  processes,  and 
reliability  research  categories. 

S.  Ovshinsky  of  Energy  Conversion  Devices,  Inc.  (ECDI),  presented  a 
perspective  of  the  background  and  progress  made  by  ECDI  in  amorphous  silicon 
solar  cells.  Progress  in  the  last  year  or  two  has  shown  that  amorphon  silicon 
cells  have  potential  as  a competitive  energy  source.  ECDI  has  a joint  business 
venture  with  Standard  Oil  Co.  (Ohio)  to  continue  the  investigation  of  this 
photovoltaic  technology. 
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M.  Wolf  of  the  University  of  Pennsylvania  described  Che  historical  pro- 
gression of  efficiency  iaprovenents,  cost  reductions 9 and  perforaance  iaprove- 
aents  in  sK>dules  and  photovoltaic  system*  The  potential  for  future  iaprove- 
aents  in  photovoltaic  device  efficiencies  and  cost  reductions  continues  as 
device  concepts 9 designs 9 processes 9 and  autoaated  production  capabilities 
aature.  Additional  step-func^on  iaproveaents  can  be  aade  as  today's  siapler 
devices  are  replaced  by  aore  sophicated  devices, 

T,  Surek  of  the  Solar  Energy  Research  Institute  (SERI)  presented  a 
sunsary  of  an  evaluation  of  advanced  research  and  developaent  topics  in 
photovoltaics  that  was  conducted  by  SERI.  The  intent  was  to  develop 
priorities  in  a list  of  advanced  research  and  developaent  activities. 
Thirty-five  activities  in  10  major  categories  were  evaluated  by  their 
contributions  to  basic  scientific  advances,  potential  impact  on  further 
technology  developaent  by  private  industry,  and  priorities  for  federal 
advanced  research  and  developaent  funding. 

The  following  pages  present  plenary  session  discussions,  follomd  by 
those  delivered  in  the  parallel  technology  sessions. 
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Plenary  Session 


NATIONAL  PHOTOVOLTAICS  PROGRAM 

U.S.  DEPARTMENT  OF  ENERGY 
, M.  Prince 
Program  Structure 
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UK.'-;  - ‘ : 

OF  POOR  QUi-iLiiT 

FY82  Funding  Levels  by  Program  Element 

(JIILLJOiS  OF  MUMS) 


fIMMB  LWmi 

IggESlBuQIS 

MTUIALS  KSEAICH 

23.9 

AOVAMCEO  COHCEFTS 

11.6 

SUPP0IT1H6  RESEAHCH 

2.2 

STSTEHS  lESCARCH 

20.5* 

TECHH0L06Y  OCVELOFNEHT 

5.6 

EXFEIIHEITS 

12.2** 

CAFITAI  EOOlPlIbll 



TOTAL 

71.0 

• licuoes  THE  sc  lESIOCHTUL  EXFUIHCMTAL  STATIOH 

**  IHCUIOeS  COIVLCTiOH  OF  NATIOHAL  EXEHPLAR  PtOJCCT  AHO  THE  1 M SIUIO  FHOJECT 
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Detailad  Funding  Levels  With  Organizational  Responsibility 

RESPONSIBLE  FUi.UiN6 

ACTIVITY  AliEHCY  » HILHONSI 

HATEKIALS  ttSEAtCH 

AHORPHOUS  HATERIALS*  SERI  3-8 

STABILITY  t EFFICIENCY  OF  THIN  SERI  A.l 

Fims 

NISH  EFFICIENCY  DEVICE  CONCErTS  SERI  3-3 

SILICON  AND  POLYCRYSTAUIHE  SERI  2>S 

SHEET* 

SILICON  MATERIAL  PURIFICATION'  JPL  2.9 

RIBBON  AND  SHEET  SIL-COH  RESEARCH  JPL  6-8 

ENViRONHENTAL  BEGRAOATION  JPL  1-5 

RESEARCH 

RDVRHCED  CONCEPTS 

ELECTROCHEHICAL  HATERIALS  AND  SERI  2-0 

CELLS' 

CONCENTRATOR  HATERIALS  AND  CELLS  SANOIA  2.2 

POWER  QUALITY  AND  CONTROL  RESEARCH'  SANDIA  3.1 

CELL  AND  NODULE  FORMATION  RESEARCH  JPL  A. 7 

SUPPQATH6  EEStAAEH 

DIAGNOSTIC  EOUIPHENT  SERI  2.2 

SYSTEMS  RESEARCH 

SYSTEMS  RESEARCH  SANDIA  1.1 

CRITICAL  SUBSYSTEMS  DEVELOPHEVT  SANDIA  1.3 

CONCENTRATOR  RESEARCH  AND  TESTING  SANDIA  4.9 

DATA  COLLECTION  OF  EXPERIMENTS  SANDIA  4.8 

AND  ANALYSIS 

SYSTEMS  EXPERIMENTS,  OPERATIONS/  VARIOUS  5.6 

CLOSEOUT 

ENGINEERING  SCIENCES  RESEARCH  JPL  3.4 

SE  RES  SANDIA  2.0 

TECmiltAL  KYELQIUMT 

SILICON  TECHNOLOGY  DEVELOPMENT  JPL  3.6 

OTHER 

SMUD'  HO  6.8 

NATIONAL  EXEMPLAR  ORO  5.4 

TOTAL  .'*8.0 
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* ' • ‘ ^ tr** 

Ok"  POOR  QU.\ir«  Y 


Program  Cost  Sharing  With  Industry 


ACIIYiliLS 

MJkim* 

ftlYATL  SHARE 

ANORPNOUS  HATERIALS 

t .8  N 

1 .2  N 

SILICON  AND  POLVCRVSTALLINE  SHEET 

.6  N 

.2  N 

EUCTROCHENICAl  HATERIALS  t CELLS 

2.5  N 

.7  N 

SILICON  HATERIAL  PURIFICATION 

l.S  H 

8.5  H 

CELL  AUr  NODULE  FORNATION  RESEARCH 

R.O  n 

.9  N 

SNJO  PROJECT 

6.8  H 

5.2  N 

* A/filES  TO  COST-SHAOM  COMTMCTS  ONLY 


Major  Accomplishments 


imriQiiiir  tuaiEMTS 

0 EFFICIEMCY 
- SILICON 
• THIN  FHAS 

« CELL  COSTS 

• NONUU  LIFE  (TEIItESTIIAl) 

0 TERNESTNIAL  SYSIEN 
CXPUIIICNTS 

0 INDUSTRIAL  IA3C 
0 FABRICATION  TECNNOLOCY 


1975 


» 

1-51 
$SO/Mp 
1-2  YEARS 

FEW  SHALL  RENOIE  USES 


A FEN  SNAIL  SPECIALITY 
COHPANIES  (SEVERAL  KNr 
SALES  IN  197S) 

EXPENSIVE  RANUAL 
OPERATION 


1911 


201 

5-111 

$7/Nr 

10  YEARS 

2,70V  SHALL  EXPER INERTS 
(FPUP))  15  NAJOR  PROJECTS 
(AS  LAR6E  AS  550  KHp) 

RAPIDLY  EXPANDING  INDUSTRIAL 
BASF.;  NORE  THAN  IS  CELL  SUP- 
PLIERS (5  NNr  SALES  IN  1981) 

SENI-AUTONATED  PILOT  PRODUC- 
TION OP  CELLS;  RIIDON  PROCES- 
SES JEAR  COHHERCIALI2ATION 
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Cell  Efficiency  vs  Time  lor  Non-Single-Crystal 


A ai7ARAlH>FtMGAA« 

B POLYCRYSTALLME 
8UCON 

C Cu28/CdZnS 
O OMaj/CdZnS 
E POLYCRYSTALiJNE  QaAs 
F AMORPHOUS  SUKM 


YEAR 


'tate  of  U.S  PV  Industry 

(1)  DEVELOPED  MIGHLY-RELIABLE  PRODUCTS  TO  SUPPLY  REMOTE  ELECTRICITY  FOR  COIWUNICATIONS. 
CORROSION  CONTROL.  NAVIGATIONAL  AIDS.  HOME  AND  FARM  USES 

(2)  INVESTED  IN  INFRASTRUCTURE  TO  DELIVER  AND  SERVICE  THESE  PRODUCTS 

(3)  INCREASED  SALES  AND  REVENUES  AT  A VERY  HEALTHY  RATE 

197V  1980  1911  1982  (tst) 

SALES  1-9  MNf  3.2  NHr  5 IK>  7.5  MHp 

REVENUE  * t30  MILLION  ISO  MILLION  175  MILLION  1100  MILLION 

(9)  INVESTED  APPROXIMATELY  190  MILLION  IN  1911  INTO  RESEARCH  OH  IMPROVEC  PHOTOVOLTAIC 
CELLS  AND  MODULES 


Silicon  Devices 

(THM  FLM 'YECMNOLOOES) 
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History  of  U.S.  Prices  and  PV  Module  Production 


AVERAQc 
PRICE 
($/  PEAK 
WATT) 


^N83  10507 

FSA's  FUTURE  ROLE 

JET  PROPULSION  LABORATORY 
W.T.  Callaghan  ^ 

Future  Role 


• OBJECTIVES 

• TO  PURSUE  ADVANCED  CRYSTALLINE  SILICON  PV  TECHNOLOGIES  FOR  POTENTIAL 
USE  LATE  IN  THE  1980s  AND  IN  THE  1990s 

• TO  CONTINUE  SPONSORSHIP  OF  RESEARCH  AND  TEbHNOLOGY  EVOLUTION  ON 
ADVANCED  THICK  MATERIAL  FLAT  PLATE  PHOTOVOLTAIC  MODULES  AND  ARRAYS 

• TO  COMMENCE  THE  ACTIVITIES  REQUIRED  TO  MOVE  THIN  FILM  TECHNOLOGIES 
INTO  MODULE  DEVELOPMENT 

• TO  CONTINUE  TO  STIMULATE  TRANSFER  OF  KNOWLEDGE  THROUGHOUT  THE 
PHOTOVOLTAIC  COMMUNITY 


Project  Plans 

• TO  SPONSOR  TECHNOLOGY  ACTIVITIES  THAT  HAVE  THE  POTENTIAL  FL  MAKING 
MODULES/ARRAYS  VIABLE  FOR  LARGE  SCALE  APPLICATIONS,  SUCH  AS  TRAL 
STATIONS  AND  ROOF  TOPS 

• TO  STRIVE  FOR  HIGH  EFFICIENCY  COUPLED  WITH  SIGNIFICANT  COST  REDUCTION 
FOR  LOWEST  PC  VER  GENERATION  COSTS 

• TO  REDUCE  TECHNICAL  BARRIERS  TO  HIGH  PERFORMANCE,  LONG  LIFE,  RELIABLE 
MODULES  AND  ARRAYS 

• TO  CONTINUE  TO  FUND  UNIVERSITIES,  INDUSTRY,  AND  OTHER  ORGANIZATIONS  FOR 
PERFORMANCE  OF  MOST  OF  THE  WORK 

• TO  CONTINUE  ECONOMIC  ANALYSIS  TECHNIQUES  COMPARISON  OF  ALTERNATIVE 
RESEARCH  OPTIONS 


FLAT-PLATE  SOLAR  ARRAY  PROJECT 


PLENARY  SESSION:  W.T.  CALLAGHAN 
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New  Task  Objectives 

TO  EXTEND  OUR  KNOWLEDGE  AND  CAPABILITIES  TO  USE  THE  FOLLOWING  TECHNOLOGIES 
FOR  PHOTOVOLTAIC  COMPONENTS: 

• ADVANCED  MATERIALS  (A.D.  MORRISON) 

SILICON  AND  NON  SILICON  MATERIAL  SYNTHESIS. 

PREPARATION  AND  SHEET  GROWTH  FOR  PHOTOVOLTAIC 
DEVICES 

• DEVICE  AND  MEASUREMENTS  (A.H.  KACHARE) 

DEVICE  STRUCTURE,  MATERIAL  DEVICE  PROPERTY 
INTERACTION.  SILICON  AND  NON  SILICON  DEVICE 
PHYSICS,  MEASUREMENT  TECHNIOUES  FOR  PHYSICAL, 

CHEMICAL  AND  ELECTRICAL  EVALUATION,  AND 
MATERIAL  CHARACTERIZATION 

• ENVIRONMENTAL  ISOLATION  (C.O.  COULBERT) 

ENCAPSULATION  MATERIAL  FORMULATION.  PROPERTIES. 

LIFE  LIMITING  DEGRADATION  MECHANISMS,  MODULE 
DURABILITY,  PERFORMANCE  PREDICTABILITY. 

ASSESSMENT  METHODOLOGIES  AND  ADVANCED 
PACKAGING  CGNCEPTS  FOR  SILICON  AND  NON  SILICON 
DEVICES 

• PROCESS  RESEARCH  (D.B.  BICXLER) 

RESEARCH  IN  SILICON  AND  NON  SILICON  PROCESS 
ELEMENTS  SUCH  AS  SURFACE  PREPARATION.  JUNCTION 
FORMATION,  METALLIZATION,  ANTI  REFLECTION 
COATING,  AND  SYNERGISTIC  EFFECTS  OF  THESE  STEPS 
ON  CELL  AND  MODULE  FABRICATION 
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FSA  Project  Meetings 

• REDUCE  NUMBER  OF  PiMS  PE.<  YEAR 

• TWO  IN  1982 

• ONE  OR  TWO  IN  1983 

• CONDUCT  IN  DEPTH  TECHNICAL  WORKSHOPS 

• LOW  COST  SOLAR  ARRAY  WAFERING  WORKSHOP  JUNE  1981 

• SCIENCE  OF  SILICON  MATERIAL  PREPARATION  AUGUST  1982 

• HIGH  SPEED  GROWTH  AND  CHARACTERIZATION  OF 

CRYSTALS  FOR  . AR  CELLS  NOVEMBER  1982 

Possible  V orkshops  During  1983 

• HIGH  EFFICIENCY  CRYSThILINE  SILICON  SOLAR  CELLS 

• METALLIZATION  FOR  HIGH  EFFICIENCY.  LONG  LIFE  CELLS 

• ENCAPSULATION  MATERIAL  TECHNOLOGY  FOR  SOLAR 
CELL  MODULES 

• TEMPERATURE/NUMIDITY  AND  ELECTROCHEMICAL 
CORROSION  EFFECTS  ON  CELL  AND  MODULE 
DEGRADATION 

• CENTRAL  STATION  ARRAY  DESIliN  CRmiAi.  PARAMETERS 

• ROOF  TOP  ARRAY  DESIGN  CRITICAL  PARAMETERS 

• ARRAYIPQWER  CONDITIONER  ELECTRICAL  INTERFACE 
DESIGN 
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UNION  CARBIDE  CORP.  POLYSILICON  STATUS  AND  PLANS 

JET  PROPULSION  LABORATORY 
M.H.  Leipold  ^ 

UCC  Silane-to-Sllicon  Process 

SEQUENCE  OF  PROCESS  STEPS 

• SILANE  SYNTHESIS 

• HYDROCHLORINATION: 

Si(MG)  + 3SICI4  + H4  n 4HSICI3 

• REMOVE  METAL  IMPURITIES  AS  CHLORIDES 

• REDISTRIBUTION  2H  SiCIs  SIH4  + SiCl4 

2H2SICI2  S(H4  + SiCl4 

• DISTILLATION/PURIFICATION  OF  SIH4  AND  CHLOROSILANES 

• SILICON  CONVERSION  (SIH4  TO  Si) 

• FLUIDtZED-BED  Si  DEPOSITION  ON  SEED  PARTICLES  (FREE- 
FLOWING  Si  PARTICLES  > 300mM) 

• FREE  SPACE  REACTOR  PYROLYSIS  AND  THEN  MELTING/ 

SHOTTING  (>  2 MM  SHOT) 


RECYCLING  OF  H2  AND  SICI4 


PLEi^ARY  SESSION:  M.H.  LEIPOLD 


Contract  Progress 

• CONTRACT  (#954334)  STARTED  OCTOBER.  1975 

• PROCESS  FEASIBILITY  EXPERIMENTALLY  DEMONSTRATED 

• SILANE/SILICON  PROCESS  DESIGN  COMPLETED 

• COST  ESTIMATES  INDICATE  CAPABILITY  OF  MEETING  THE 
<$14/KG  (1980  $)  Si  PRICE  GOAL 

• SILANE  SYNTHESIS  APPROACH  WELL  ESTABLISHED 

• NEEDS  TO  BE  TESTED  IN  CONTINUOUS  STEADY-STATE 
OPERATION  OF  EPSDU  (EXPERIMENTAL  PROCESS  SYSTEM 
DEVELOPMENT  UNIT) 

• ENGINEERING  DESIGN  COMPLETED 

• EQUIPMENT  FOR  EPSDU  FABRICATED 

• CIVIL  CONTRACT  AT  EAST  CHICAGO  UCC  SITE  COMPLETED 

• JPL/DOE  FUNDING  FOR  SILANE  SYNTHESIS  EPSDU  STOPPED 
BEFORE  MECHANICAL  AND  ELECTRICAL  INSTALLATIO  MS 

• CONVERSION  OF  SILANE  TO  SILICON: 

• FLUIDIZED-BED  APPROACH  APPEARS  PROMISING.  BUT  NEEDS 
FURTHER  R & D.  EFFORT  WILL  CONTINUE  UNDER  DOE/JPL 
CONTRACT 

• FREE-SPACE  REACTOR  APPROACH  IS  LESS  FAVORABLE. 
MAJOR  PROBLEMS  IN  POWDER  HANDLING.  MELTING,  SHOTTING 
OPERATION  AND  PURITY  CONTROL 

• CONTRACT  MODIFICATIONS  ARE  UNDERWAY.  THESE  ARE  EXPECTED 
TO  RESULT  IN  UCC  OPERATING  EPSDU  AT  THEIR  EXPENSE  WITH 
PERFORMANCE  RESULTS  AVAILABLE  TO  DOE/JPL 
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Status:  UCC  Plans  for  Polysilicon  Production 

• ON  MAY  1.  1981,  UCC  ANNOUNCED  ITS  INTENTION  TO  BUILD  A 1000 
MT/YR  COMMERCIAL  POLY  SI  PLANT  IN  WASHINGTON  STATE. 
DESIGN  TO  BE  BASED  ON  THE  DATA  FROM  THE  SILANE  EPSDU; 
KOMATSU  (SIEMENS  TYPE)  DEPOSITION  REACTORS 

• EPSDU  EQUIPMENT  MOVED  (FROM  EAST  CHICAGO)  AND  BEING 
INSTALLED  IN  WASHOUGAL,  WASHINGTON.  THIS  IS  A UCC  PILOT 
PLANT  PROJECT.  OPERATION  EXPECTED  IN  FALL  1982  (USING 
KOMATSU  REACTORS) 


Future  Activities  *ind  Prospects 

• ADVANCED  SILANE  SYNTHESIS  TECHNOLOGY  (FBR)  TO  BE  TESTED 
IN  PILOT  PLANT  AT  UCC  ELECTRONIC  MATERIALS  TEST  CENTER  AS 
FINAL  PHASE  OF  JPL/DOE  R & D INVESTIGATION 

• THE  DEVELOPMENT  OF  SILANE/SILICON  PROCESS  CONTINUES 
TOWARD  PROVIDING  A LOW-COST  POLY  Si  TECHNOLOGY. 
ALTHOUGH  MANY  FUNDING/SCHEDULE  CI.ANGES  OCCURRED.  THE 
SUCCESSFUL  CONTINUATION  OF  THIS  PROGRAM  SHOWS  THAT  THIS 
APPROACH  REPRESENTS  AN  EFFECTIVE  WAY  OF  C^iMuJCTING 
COOPERATIVE  ENERGY  R & D BY  THE  INDUSTRY  AND  THE 
GOVERNMENT 

• FSA/DOE  GOAL  OF  < $14/KG  SILICON  CAN  ONLY  BE  ACHIEVED  BY 
SILANE/SILICON  PROCESS  WHICH  INCORPORATES  NEW 
TECHNOLOGY  DEPOSITION  REACTOR  SUCH  AS  FBR  BEING 
INVESTIGATED 
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ADVANCED  CZOCHRALSKI  INGOT  GROWTH 

KAYEX  CORP. 

^ R.L.  Lane 

IN  TODAY'S  MARKET/  A VERY  HIGH  PERCENTAGE  OF  THE  SOLAR  CELLS  PRODUCED 
CONTINUE  TO  BE  MADE  BY  THE  CZOCHRALSKI  METHOD.  TO  SOME  EXTENT,  THE 
REASON  FOR  THIS  IS  INERTIA.  CZOCHRT.LSKl  PRODUCl’ON  FACILITIES  EY  'T 
WITH  KNOWN  COSTS  AND  PREDICTABLE  PRODUCT  QUALITY.  IMPROVEMENTS  IN 
THE  PROCESS  AS  A RESULT  OF  THE  SEMICONDUCTOR  INDUSTRY  WERE  MOST 
CERTAINLY  USED  TO  ADVANTAGE  FOR  SOLAR  CELL  FANUFACTtiRE. 

ON  THE  OTHER  HAND,  THE  NEWER  TECHNOLOGIES  - CAST  MATERIAL,  AMORPHOUS, 
RIBBONS,  ETC.  OFFER  VERY  ATTRACTIVE  COST  SCENARIOS  ANU  PROJECTIONS. 

WHY  ARE  NOT  COMPANIES  JUMPING  INTO  THESE  NEW  TECHNOLOGIES? 

IT  IS  APPARENT  THAT,  ALTHOUGH  GOOD  PROGRESS  HAS  BEEN  MADE  Oi.  THE  MANY 
ALTERNATIVE  METHODS,  THE  PROGRESS  IN  ADVANCED  CZ  HAS  ALSO  BEEN 
SIGNIFICANT,  AND  STILL  PRESENTS  THE  SOLAR  SHEET  MANUFACTURER  WITH  A 
SATISFACTORY  RETURN  ON  INVESTMENT. 

INDEED,  THE  BASIC  ADVANCED  CZ  METHOD  I WILL  DISCUSS  IN  THE  NEXT  FEW 
MINUTES  IS  ALREADY  IN  USE  COMMERCIALLY  FOR  SOLAR  CELL  PRODUCTION. 

WITHOUT  THE  DOE  FUNDING  THROUGH  J PL,  THAT  MIGHT  NOT  BE  THE  CASE.  THE 
JPL-FUNDED  WORK  IN  THE  PAST  HAS  YIELDED  SOME  VtRY  POSITIVE  RESULTS. 
EQUIPMENT  AND  PROCESSES  ARE  NOW  AVAILABLE  TO  THE  MARKET  WHICH  SAiISFY 
CERTAIN  NEEDS  OF  THE  PV  MANUFACTURER,  WHICH  WOULD  NOT  HAVE  OTHERWISE 
BEEN  FILLED. 

THE  VARIOUS  ADVANCED  CZ  CONTRACTS  SUPPORTED  THROUGH  JPL  WERE  NOT  CF  MUCH 
INTEREST  FOR  SEMICONDUCTOR  APPLICATIONS.  THE  WORK  WOULD  NOT  HAVE  BEEN 
PERFORMED,  EH.IER  EY  THE  SEMICONDUCTOR  HOUSES  OR  THE  EQUIPMENT 
MANUFACTURERS. 
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ME  ARE  NOM  ENTERING  A PERIOD  OF  DEVELOPMENT  NHERE  THE  SEMICONDUCTOR 
INDUSTRY  Wia  MOST  DEFINITELY  DIVETSE  EVEN  MORE  FROM  THE  DIRECTION  OF 
THE  PHOTOVOLTAIC  INDUSTRY.  THE  SEMICONDUCTOR  HOUSES/  FOR  EXAMPLE/  ARE 
STUDYING  INTENSELY  SUCH  AREAS  AS  CRYST&t.  DEFECT  STRUCTURE/  OXYGEN 
CONTROL/  AND  INTRINSIC  '‘ETTERING/  AND  MAGNETIC  CRYSTAL  SROMTH  FOR 
STRIATION  CONTROL.  IT  IS  DIFFICULT  TO  FIND  MUCH  RELATIONSHIP  OF  THESE 
STUDIES  TO  PHOTOVOLTAICS. 

THE  ANSWERS  TO  PROBLEMS  IN  PRODUCING  PV  SILICON  INGOTS  KILL  COME  FRa- 
DEVELOPMENTAL  WORK  WHICH  DIRECTLY  ADDRESS  THOSE  PROBLEMS. 

IN  .HIS  BRIEF  PRESENTATION/  I KILL  ATTEMPT  TO  DESCRIBE  THE  PROGRESS 
THAT  HAS  BEEN  MADE  OVER  TPf  f.  ST  FEW  YEARS/  THE  PRESENT  STATUS/  AND 
THE  PROBLEM  AREAS  THAT  ~ FURTHER  RESEARCH  AND  DEVELOPMENT. 


Cost  Components 


COMPONENT 

EQUIPMENT 
FACTORY 
LABOR 
UTILITIES 
MATERIALS  (62t) 
CRUCIBLES 
GRAPHITE 
MISC. 

APPROXIMATE  ADD-ON  COST 


ONE  CRYSTAL 
FER  CRUCIBLE 

18X 

3 

12 

5 

^3 

8 

6 

loot 

S80/K6 


150  KG 

PER  CRUCIBLE 

40 

4 

5 

(35X) 

14 

12 

9 

lOOZ 

120/KG 

RLL  APRIL  21/  1982 
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The  SAMICS/1PE6  METHODOLOGY  DEVELOPED  AT  JPL  (SOLAR  ARRAY  MANUFACTURING 
INDUSTRY  COSTING  STANDARD/ INTERIM  PRICE  ESTIMATION  GUIDELINES)  DEFINES 
FIVE  COST  ELEMENTS: 

EQUIPMENT 

FACTORY  FLOOR  SPACE 
OIRF.CT  LABOS 
UTILITIES 
MATERIALS. 


IN  THE  I PEG  PRICE  EQUATION,  THE  PRICE  IS  PROPORTIONAL  TO  THE  SUM  OF  THESE 
elements  (multiplied  X OVERHEAD)  AND,  OF  COURSE,  THE  PRICE  IS  INVERSELY 
PROPORTIONAL  TO  THE  SPEED  AT  WHICH  THE  FACILITY  PRODUCES  MATERIAL 
(THE  throughput).  THE  INDICATED  COST  ELEMENTS  HERE  BELIEVED  TO  BE 
THE  MOST  IMPORTANT. 

IT  WAS  FOUND,  BY  THE  J?L  I PEG  PRICE  CALCULATION,  THAT  THE  STANDARD  C2 
PROCESS  CURRENTLY  USED  IN  THE  SEMICONDUCTOR  INDUSTRY  IS  VERY  HEAVY  ON 
MATERIAL  COST  (NOT  INCLUDING  SILICON).  INDEED,  62X  IS  MATERIAL  AND 
MOST  OF  THAT  IS  CRUCIBLE  COST  ALONE. 

IT  WAS  FURTHER  CALCULATED  THAT  THE  CRUCIBLE  COST  COULD  BE  REDUCED 
SIGNIFICANTLY  IF  ONE  COULD  GROW  LARGE  QUANTITIES,  UP  TO  150  KG,  FROM  A 
SINGLE  CRUCIBLE.  IT  IS  TO  BE  EXPECTED,  SINCE  THE  TOTAL  MUf i BE  lOOX, 

THAT  A REDUCTION  IN  THE  CRUCIBLE  PORTION,  WOULD  CAUSE  OTHER  COST  ELEMENTS 
TO  INCREASE. 

THE  numbers  INDICATE,  HOWEVER,  A DRAMATIC  INCREASE  IN  THE  COST  PORTION 
allotted  to  EtlUIPHENT.  ALTHOUGH  THE  EQUIPMENT  REQUIRED  TO  PRODUCE  THE 
150  KG  U SUBSTANTIALLY  MORE  THAK  TH,'*T  REQUIRED  IN  THE  FIRST  COLUMN, 

IT  SHOULD  BE  NOTED  THAT  THE  ADD-ON  COST  PER  KILOGRAM  IN  THE  SECOND 
COLUMN  IS  REDUCED  BY  A FACTOR  OF  H. 
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ORIGK'JAL  PACH  3 

OF  POOR  QUALITY 


Cz  Value  Added  vs  Amount  Produced  From  One  Crucible 


KILOGRAMS  PER  RUN 

THE  SENSITIVITY  OF  RUN  SIZE  UP  TO  150  KILOGRAMS  IS  SHOWN  IN  THIS 
SLIDE.  IT  SHOWS  A SUBSTANTIAL  REDUCTION  IN  COST  BY  THE  GROWTH  OF  TWO 
OR  THREE  INGOTS  FROM  ONE  CRUCIBLE.  THE  COST  BENEFIT  BECOMES  MARGINAL 
IN  THE  100-150  KILOGRAM  RANGES. 

ALTHOU'H  THE  CR"'''PLE  COST  PER  KILOGRAM  CONTINUES  TO  DECREASE  FOR 
larger  runs,  Sv  -STS  INCREASE,  SUCH  AS  EQUI.  MENT;  THUS,  THE 
total  cost  ’ EVELS  OUT . 

other  cost  ELEMENiS,  SUCH  AS  UTILITIES  AND  ! '.BOR,  ARE  INDEPENDENT 
OF  RUN  lENG-'H,  AND,  THUS,  INFLUENCE  THE  CURVE  TO  LEVEL  OUT. 
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JPL  AWArOED  contracts  TO  FOUR  COMPANIES  IN  1977  AND  DIRECTED  THOSE 
COMPANIES  TO  DEVELOP  WAVS  OF  REDUCING  THE  COST  OF  INGOT-GROMN  SILICON. 
SPECIFIC  GOALS  HERE  TO: 

(1)  GROH  LARGE  QUANTITIES  OF  SILICON  FROM  A SINGLE  CRUCIBLE 
(UP  TO  1(K)  KG) 

(2)  INCREASE  GROHTH  RATE  TO  ACHIEVE  HIGHER  THROUGHPUT 

(3)  MAINTAIN  THE  HIGH  QUALITY  OF  CZ-GROHN  MATERIAL. 

ALTHOUGH  THE  OBJECTIVES  HERE  THE  SAME,  THE  APPROACHES  DIFFERED. 


Approaches 

- SILTEC  - COHTISUCUS  LIQUID  FEED  FROM  SECOWARY  MELTING 

CHAMBER  THROUGH  A TRANSFER  TUBE. 

- TEXAS  INSTRUMENTS  - CONTINUOUS  LIQUID  FEED. 

AUGER  FEED  OF  LUMP  SILICON  TO  PREMELTER. 

- VAR  I AN  - INTERF..TTENT  GROMTH/RECHARGE  CYCLES. 

AUGER  FEED  OF  lUMP  SILICON  FROM  HOPPER. 

- KAYF.X/HAMCO  - INTERMITTENT  GROWTH/RECHARGE  CYCLES  USING 

EITHER  POLY-ROD  FEED  OR  DISCHARGE  FROM  A HOPPER. 


sn  TEC  - developed  a METHOD  OF  CONTIPU'^US  LIQUID  FEED  FROM  A 

SECONDARY  MELTING  CHAMBER  THROUGH  A HEATED  TRANSFER  TUB: . 

TEXAS  INSTRUMENTS  - ALSO  CHOSl  TO  FEED  THE  GROHTH  CRUCIBLE  HITH 
LIQUID  SILICON  CONTINUGUSl Y DURING  GROHTH,  BY  FE<^DING 
A PREMELTER  HITH  CHUNK  SILICON. 

VAR  I AN  AND  KAYEX/HAMCC  CHOSE  TO  ADHERE  MORE  CLOSELY  »0  THE  USUAL 
GROHTH  METHODS.  THUS  REQUIRING  INTERMITTENT  RECHARGE 
AND  MELTING  CYCLES.  THEC-.  THO  CONTRACTORS  ONLY  DIFFERED 
IN  their  mechanical  MEANS  TO  INSERT  THE  SILICON  INTO 
THE  HOT  CRUCIBLE. 
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Continuous  Cz  Silicon  Furnace  (Texas  Instruments) 


IN  THE  T.l.  SYSTEM,  THE  AUGER  FEEDER  INTRODUCED  SILICON  INTO  A SMALL 
PREMELTER.  THE  LIQUID  SILICON  THEN  FLOWED  INTO  THE  CRUCIBLE, 

THERE?Y  MAINTAINING  A CONSTANT  MELT  LEVEL  DURING  GROWTH. 

IF  THE  liquid  TEMPERATURE  HERE  REASONABLY  CONTROLLED,  IT  WAS  EXPECTED 
THAT  THERE  WOULD  BE  NO  HARMFUL  THERMAL  PERTURBATION  OF  THE  MELT.  INGOT 
SIZE  WOULD  ONLY  BE  LIMITED  BY  THE  PULL  LENGTH  OF  J'-Z  EQUIPMENT. 

IT  WAS  FOUND  THAT  THE  OPERATION  OF  THE  PREMELTER  HAS  A VERY  DIFFICULT 
T-.SK,  PRIMARILY  BECAUSE  (1)  THE  REFRACTORY  QUARTZ  LINER  OF  THE 
PREMELTER  DEVITRIFIED  RAPIDLY,  AND  (2)  THE  UNIFORM  FLOW  OF  SILICON  WA<? 
NEARLY  impossible  DUE  TO  THE  HIGH  SURFACE  TENSION  OF  THE  LIQUID. 
CONSIDERABLE  EFFORT  WAS  MADE  ON  PREMELTEa  DESIGN. 
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Also,  T.l.  REPORTED  THAT  THE  AUGER  FEED  SYSTEM  WORKED  POORLY  FOR 
CHUNK  SILICON,  AS  IT  TENDED  TO  CRUSH  THE  SILICON.  CONCERN  WAS 
EXPRESSED  THAT  THE  ABRASIVE  NATURE  OF  SILICON  WAS  PROBABLY  CAUSING 
CONTAMINATION  OF  THE  SILICON  FROM  THE  STAINLESS  STEEL  AUGER. 

THE  T.l.  WORK,  HOWEVER,  WAS  SIGNIFICANT,  IN  THAT  IT  ILLUSTRATED  THE 
EXTREME  DIFFICULTY  IN  HANDLING  BOTH  SOI  ID  AND  LIQUID  SILICON  IN  A 
CONTROLLED  MANNER  WITHOUT  CONTAMINATION. 


T;it  VARIAN  SYSTF.M  WAS  QUITE  SIMILAR  TO  THE  T.l.  EXCEPT  THAT  RECHARGING 
WAS  PERFORMED  INTERMITTENTLY  BETWEEN  INGOT  GROWTH  CYCLES.  THE  AUGER 
SYSTEM  WAS  ADAPTED  TO  FEED  LUMP  SILICON  DIRECTLY  INTO  THE  CRUCIBLE. 

VARIAN  HAD  GOOD  SUCCESS  WITH  THIS  RECHARGING  SYSTEM  AND  REPORTED 
SEVERAL  FAIRLY  LARGE  RUNS  COMPLETED;  UP  TO  ABOUT  60-70  KILOGRAMS. 

PERHAPS  ONE  OF  THE  MOST  VALUABLE  RESULTS  FROM  THE  VARIAN  WORK  WAS  AN 
EXPERIMENT  PERFORMED  VERY  EARLY  IN  THE  JPL  PROGRAM.  A 100  KG  RUN 
SIMULATION  WAS  PERFORMED,  BY  THE  GROWTH  OF  FIVE  20  KG  INGOTS  SEQUENTIALLY 
FROM  THE  SAME  CRUCIBLE  AND  SAME  CHARGE  OF  SILICON.  AFTER  EACH  INGOT 
WAS  GROWN,  IT  WAS  REMELTED  INTO  THE  CRUCIBLE  AND  THE  CYCLE  WAS  REPEATED. 

THIS  EXPERIMENT  PROVED  THAT  THE  CRUCIBLE  WOULD  SURVIVE  FOR  LONG  PERIODS 
OF  TIME  THROUGH  SEVERE  THERMAL  CYCLING.  IT  WAS  AN  ENCOURAGING  RESULT  FOR 
ALL  CONTRACTORS. 
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Siltec  Continuous  Uquid>Feed  Furnace 


T 

150“ 

I 


lE  vCl  monitor 


transfer  tube 


melt  t own  crucible 


OiSCmaRCE  orifice 
SPLASH  Shield 


growth  crucirle 
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THE  SILTEC  EFFORT  MAS  VERY  SIGNIFICANT  IN  THAT  IT  POINTED  OUT 
A MAY  TO  OVERCOME  OR  AVOID  THE  EFFECT  OF  THE  HIGH  SURFACE  TENSION  ON 
THE  POURING  OF  SILICON.  A SIPHON  PRINCIPLE  MAS  USED.  ONCE  THE  TRANSFER 
TUBE  MAS  FILLED  MITH  LIQUID^  UNIFORM  AND  CONTINUOUS  FLOM  COULD  BE 
ACHIEVED  BY  SIMPLY  RAISING  THE  LEVEL  OF  THE  SUPPLY  CRUCIBLE. 

SIMULTANEOUS  CRYSTAL  GROMTH  AND  CONTINUOUS  LIQUID  FEED  REPLENISHMENT 
MERE  DEMONSTRATED.  ALSO<  TH:  POSSIBILITY  OF  6R0MING  AN  EXTREMELY  URGE 
INGOT  FROM  A RELATIVELY  SMALL  CRUCIBLE  MAS  DEMONSTRATED  BY  THE  GROMTH 
OF  AN  INGOT  OF  OVER  60  KG. 

although  the  SILTEC  METHOD  IS  NOT  MELL  ENOUGH  DEVELOPED  FOR 
COMMERCIAL  APPLICATION,  ITS  POTENTIAL  FOR  LOM  COST  INGOT  GROMTH  PROBABLY 
SURPASSES  THE  OTHER  APPROACHES,  PRIMARILY  BECAUSE  ITS  THROUGHPUT  SHOULD 
BE  THE  HIGHEST. 

THE  DEMONSTRATION  OF  CONTINUOUS  LIQUID  FEED  NAS  AN  EXCELLENT 
TECHNICAL  ACCOMPLISHMENT  AND  MAY  VERY  MELL  HAVE  A SIGNIFICANT  FUTURE 
APPLICATION. 
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KAYEX  CORPORATION'S  KAMCO  DIVISION,  A MANUFACTURER  Of  CRYSTAL 
SRONtRS  AND  OTHER  SILICON  PROCESSING  EQUIPMENT,  mC  PERHAPS  THE 
HOST  SIMPLE-MINDED  APPROACH  OF  ALL.  RATHER  THAN  HAVING  COMPLICATED 
RECHARGING  OR  PREMELTINS  EQUIPMENT,  IT  WOULD  SIMPLY  PROVIDE  FOR 
STORAGE  OF  A QUANTITY  OF  SILICA  WITHIN  THE  VACUUM  TIGHT  GROWTH 
CHAMBER.  THE  SILICON  FEED  STOCK  COULD  BE  EITHER  LUMP  OR  ROD  FORM. 
THE  CHAMBER  COULD  BE  RELOADED  WITH  SILICON  FEED  STOCK  AT  THE  TIME  OF 
CRYSTAL  REMOVAL,  THEREBY  ELIMINATING  A PUMPDOWN/PURGE  CYCLE. 

ALTHOUGH  IT  WAS  OBVIOUS  THAT  RECHARGING  WITH  LUMP  SILICON 
PRECLUDED  CONTINUOUS  GROWTH  AND  ALSO  LIMITED  ULTIMATE  THROUGHPUT, 

THE  METHOD  DID  OFFER  A SHORTER-TERM  APPROACH  TO  COMMERCIALIZATION. 

IF  THE  RECHARGE  METHOD  COULD  BE  MADE  SAFE  AND  RELIABLE,  IT 
WOULD  HAVE  A SIGNIFICANT  IMPACT  ON  COST, 


82 


PLENARY  SESSION:  R.L.  LANE 


THE  HOPPER  CAN  BE  LOtSREO  AND  DISCHARGED  IN  ABOUT  5 HINUTES.  SEN'ERAL 
HOPPER-FULLS  CAN  BE  DINIPED  DURING  A MELTING  CYCLE.  NO  FAILUi>ES  SAVE 
BEEN  EXPERIENCED  MITH  EITHER  THE  HOPPER  OR  THE  CRUCIBLE  DURING  MANY 
RECHARGE  CYCLES  OVER  THE  PAST  SEVERAL  YEARS. 


MELT-BACK  IS  FASTER  THAN  ROD^  NO  TINE  IS  WASTED  BY  MULTIPLE  DUMPS^  AND 
NO  CONTAMINATION  HAS  BEEN  DETECTED  FROM  TIC  HOPPER.  CHUNK  SIZE  IS 
LIMITED  TO  A MAXIMUM  DIMENSION  OF  ABOUT  1 INCH. 


Advanced  Cz  Objectives 


IHiTIAL 

LATEST 

RUN  SIZE  (ONE  CRUCIBLE) 

100  KG 

150  KG 

DIAMETER 

10  CM 

15  CM 

GROWTH  RATE 

10  cn/HR 

10  crvHR 

MELT  SIZE 

25  KG 

45  KG 

INGOT  SIZE 

5 X 20  KG 

4 X 37.5  KG 

MELT  RATE 

- 

25  KG/HR 

AUTOMATION 

ANALOG 

MICROPROCESSOR 

AFTER  GROWTH  YIELD 

SOX 

SOX 

AN-1  EFFICIENCY 

14X 

14X 

AS  PROGRESS  WAS  MADE  IN  ADVANCED  CZ,  THE  INITIAL  OBJECTIVES  WERE 
NOD''tEO,  AS  SHOWN  IN  THIS  SLIDE.  100  KILOGRAM  RUN  ?IZE  WAS  INCREASED 
Tt.  DIAMETER  INCREASED  FROM  10  TO  15  CM.  GROWTH  RATE  GOALS  WERE 
Xr  THE  SANE  FOR  THE  HIGHER  DIAMETERS.  MELT  SIZE  INCREASED,  AND 
NEW  GvjALS  WERE  DEFINED  TO  IMPROVE  THROUGHPUT  AND  LOWER  COSTS,  THAT  IS, 
MORE  RAPID  MELTDOWN,  AND  MICROPROCESSOR  CONTROL  TO  REDUCE  LABOR. 

YIELDS  AND  SOLAR  EFFICIENCY  GOALS  HAVE  REMAINED  CONSTANT  FROM  THE 
BEGINNING  AT  90X  YIELD  AND  l<tX  AM-1,  RESPECTIVELY. 
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Continuous  Cz  Growth  Summary 


DATE 

hUN 

NO. 

TOTAL 

PULLED 

(KG) 

NO. 

OF 

INGOTS 

DIAMETER 

(CM) 

AVG. 

PULL 

RATE 

(CM/HR) 

RUN 

TINE 

(HR) 

THROUGH- 

PUT 

(KG/HR) 

NONO- 

CRYSTAL 

( x: 

WI-1  EFFICIENCY/  X 

TUi. 

A‘'3 

NONO- 

CRYSTAL 

POLY 

CRYSTAL 

4/78 

9 

27 

3 

11 

8.7 

39 

0.70 

85 

11.5 

11.6 

6/78 

11 

43 

11 

wm 

44 

0.97 

88 

11.8 

11.9 

11.2 

10/78 

19 

57 

6 

13 

8.9 

64 

0.89 

56 

11.8 

- 

- 

1/79 

30 

99 

6 

13 

8.7 

79 

1.25 

27 

11.2 

13.3 

9.8 

6/79 

47 

60 

5 

13 

6.8 

52 

1.17 

88 

13.0 

13.0 

- 

7/79 

108 

9 

86 

1.26 

85 

13.8 

13.8 

- 

10/79 

55 

101 

10 

13 

n 

91 

1.11 

75 

12.0 

13.0 

9.7 

10/79 

2 

100 

9 

13 

n 

109 

0.92 

64 

12.3 

12.7 

10.6 

12/79 

60 

100 

8 

13 

m 

85 

1 18 

61 

12.0 

13.0 

11.0 

1/80 

62 

103 

9 

13 

7.9 

97 

1.06 

12.9 

13.2 

11.2 

2/80 

70 

152 

6 

15 

6.9 

99 

1.53 

44 

- 

- 

- 

6/81 

IG 

146 

5 

15 

5.6 

100 

1.4C 

52 

13.7 

15.3 

11.3 

THIS  TABLE  SUMHARIZES  THE  RESULTS  FROM  THE  MOST  SIGNIFICANT  RUNS 
PERFORMED  ON  THE  PROGRAM. 

- THE  COLUMN  LABELED  'TOTAL  PULLED*  IS  THE  SUM  OF  ALL  INGOT  WEIGHTS  FOR 
A GIVEN  RUN.  THE  GRADUAL  INCREASE  IN  RUN  SIZE  SINCE  THE  BEGINNINS 

OF  THE  PROGRAM  IS  APPARENT. 

- *NO.  OF  INGOTS*  > IN  MANY  RUNS/  WE  ATTEMPTED  TO  PRODUCE  AS  HIGH  A 
YIELD  OF  MONOCRYSTAL  AS  POSSIBLE;  THUS/  INFOTS  WERE  OFTEN  PREMATURELY 
ABORTED  AND  SOME  RUNS  PRODUCED  AS  MANY  AS  9 OR  I)  INGOTS.  MORE 
RECENTLY/  WE  HAVE  TRIED  TO  PRODUCE  THE  DESIRED  NO.  OP  INGOTS. 

- 'DIAMETER*  > EARLY  RUNS  WERE  10  CM.  THE  DIAMETER  WAS  INCREASED  TO 
14  CM  WITH  NO  SIGNIFICANT  PROBLEMS. 
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- "AVERAGE  PULL  RATE*  - THE  GOAL  OF  ALL  THE  WORK  IS  10  CN/HR>  RE6ARm.E$S 
OF  DIAMETER.  THE  PULL  RATE  (OR  GROWTH  RATE)  IS  LIMITED  AT  PRESENT 

BY  THE  TENDENCY  OF  THE  CRYSTAL  TO  GO  OUT  OF  SHAPE.  LARGER  CRYSTALS 
MUST  BE  GROWN  SLOWER^  ALTHOUGH  THE  SOLIDIFICATION  RATE  (KG/HR)  IS 
STILL  LARGER. 

- "RUN  TIME*  IS  TOTAL  RUN  TIME  FROM  STr.RT  UP  TO  SHUT  OFF. 

- "THROUGhHoT*  IS  OBTAINED  BY  JIVIDING  THE  TOTAL  PULLED  BY  THE  RU.  TIME 
IK  HOURS.  IT  NCREASES.,  AS  SHOWN/  WITH  DIAMETER.  THE  LATEST  GOAL  li. 
2.5  -.G/HR/  WH.CH  MAY  BE  OUR  MOST  DIFFICULT  PROBLEM. 

- "PERCENT  MONOCRYS"^AL*  - REPRESENTS  THE  PORTION  OF  THE  PULLED  MATERIAL 
THAT  IS  MONOCRYSTALLINE  IN  STRUCTURE  BY  VISUAL  OBSERVATION.  Vl-80  KG 
OF  MONOCRYSTAL  CAN  BE  GROWN  FROM  A CRUCIBLE  PRESENTLY. 

- *A.M-1  EFFICIENCY*  IS  FOR  TEST  CELLS  PREPARED  AND  MEASURED  BY  APPLIED 
SOLAR. 


Solar  Efficiency  vs  kg  Grown 


KILOGRAMS  GROWN  FROM  ONE  CRUCIBLE 
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Run  No.  62  (100  kg) 

- SAMPLES  MERE  CUT  FRO:  T<iE  1JP  AND  BOTTOM  CF  EACH  OF  THE  SMALLER  ^TS 
AND  THE  TOP,  CENTER  ^ CD  FCT  OM  OF  THE  LAR6ER  INGOTS. 

- FOUR  2 X 2 CM  CELLS  MERE  »AT  =ROM  EACH  SAW»LE. 

- THE  AVERAGE  OF  THE  FOI  •*  CE.  . * AND  THE  SPREAD  HAS  P*  lED. 

- EFFICIENCY  IS  PLOTTED  ON  THt  ORDINATEj 
CUMULATIVE  AMOUNT  GROMN  OH  THE  ABSCISSA. 

- THE  POINTS  FROM  THE  SAME  'NEOT  ARE  cOlWECTED  FOR  CLARITY. 

THE  CONCLUSIONS: 

- POLYCRYSTALI  INE  MATERIAL  WAS  U S EFFICIENT  THAN  THE  SINGLE  CRYSTAL. 

- EFFICIENCY  VALUES  FROM  THE  SAME  SAMPLE  VARIED  AS  MUCH  AS  1 OR  2 
PERCENTAGE  POINTS  - PROBABLY  DUE  TO  CELL  MANUFACTURE. 

- EFFICIENCY  OF  SINGLE  CRYSTAL  MATERIAL  HAS  AS  GOOD  AS,  OR  BETTER  THAN, 
THE  CONTROL  SAMPLES. 

- EFFICIENCIES  REMAINED  CONSTANT  RIGHT  OUT  TO  100  KG. 

- AVERAGE  OF  ALL  SAMPLES  HAS  12. 9X. 
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Run  No.  10  (150  kg) 

* SAMPLES  MERE  CUT  FROM  THE  TOP,  CENTER,  ANO  BOTTOM  OF  ALL  IN60TS. 

- EXCEPT  FOB  THE  FIRST  INOOT,  THE  BOTTOMS  OF  ALL  CRYSTALS  MERE  POLY, 

THE  TOPS  MERE  ALL  SINGLE. 

- EFFICIENCY  OF  MONOCRYSTAL  NAS  SURPRISINGLY  CONSTANT  ANO  ALL  ABOVE 
ISX,  AVERAGING  1S.3Z. 

• EFFICIENCY  CF  POLY  MAS  IN  THE  11-13Z  RANGE  ANO  ALSO  CONSTANT  TO  150  K-o, 
AVERAGING  12. 3Z. 

- THE  INCREASE  IN  EFFICIENCY  COMPARED  TO  THE  PREVIOUS  R'JN  IS  BELIEVED  TO 

FAfl 

BE  A DIFFERENCE  IN  THE  CELL  JGO  TECHNIQUE,  AS  THE  CONTROL  CELLS  MERE 
ALSO  HIGHER  EFFICIENCIES  AND  THE  CONTROL  CELLS  MEASURED  VERY  CLOSE  TO 
THE  SINGLE  CRYSTAL  MATERIAL. 
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Control  System:  Microprocessor  Controls 

ONE  OF  THE  60AU  OF  THE  FNOONAN  NAS  TO  FRODUCE  CRYSTAL  8R0NTH  EOUIFHENT 
NITH  NICROFROCESSOR  AUTOHAnCN  FOR  IMFR0VE9  YIELDS  NITH  LESS  LAIOR. 

THE  FROTOTYFE  EQUIFNENT  FRODUCED  ON  THIS  NORK  NAS  RETROFITTED  NITH  A 
HAHCO  AUTOHATIC  6R0NER  L06IC  SYSTEM.  IN  A FARALLEL  EFFORT*  INFROVED  SENSORS 
NERF.  DEVELOFCD  ON  THE  CONTRACT  FOR: 

(1)  NELT  SEEDINS  TEMFERATURE 

(2)  DIAMETER  AND  SHOULDER  SENSOR 

(3)  NELTBACK  SENSOR. 

ALTHOUGH  THE  SYSTEM  IS  STILL  NOT  AN  OFERATOR  'HANDS  OFF'  ONE*  THE 
OFERATOR  INPUT  HAS  BEEN  REDUCED*  AND  NE  BELIEVE  NE  HAVE  HADE  6000  PROGRESS 
TONARD  IMPROVED  AUTOMATION. 

THE  NELT  TEMPERATURE  AND  OIAMETER/SHOULDER  SENSORS  ARE  INTERFACED  NITH 
THE  NICROFROCESSOR  AND  ARE  USED  ON  ALL  RUNS.  THE  NELT  LEVEL  SENSOR  IS 
SET  UP  TO  MONITOR  NELT  LEVEL*  BUT  IS  NOT  ACTUALLY  USED  IN  CLOSED  LOOP 
CONTROL  YET. 
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Problems  and  Concerns 


•YIELD  OF  HONOCRYSTAL,  LONER 
EFFICIENCY  OF  POLY  MATERIAL 


APP.R0ALH 

• STUDY  STRUCTURE  LOSS  HECHANISNS, 
PRIMARILY  MELT  CONTAMINATION 


• THROUGHPUT  AS  RELATED  TO  RATE 
LIMITING  FACTORS 

- MELTING  RATE 

- CORKSCREWING 

- STABILIZATION  OF  MELT  TEMPERATURE 


- CRUCIBLE  DISSOLUTION 

- CRUCIBLE  DEVITRIFICATION 

- GAS  AMBIENT  PURITY  « FLOW 

• IMPROVE  HOT  ZONE  DESIGN 


- FURTHER  WORK  WITH  RADIATION 
SHIELDING 

- TEMPERATURE  PROFILING  OF  MELT 

- IMPROVED  TUNING  OF  MICROPROCES 
SOR  TO  SPEED  UP  STABILIZATION. 
SEEDING  AND  NECKING 


IN  ATTEMPTING  TO  EXPRESS  PROBLEMS  IN  SOME  MEANINGFUL  NAY.  I FINALLY 
CAME  UP  WITH  TWO  GENERALIZED  PROBLEM  AREAS.  WHICH  ARE  LIMITING  OUR 
ABILITY  TO  ACHIEVE  THE  PREDETERMINED  GOALS;  THESE  ARE; 

(1)  YIELD  OF  MONOCRYSTALLINE  MATERIAL.  AND 

(2)  THROUGHPUT. 

YIELD  - IF  THE  MATERIAL  COULD  BE  ALL  PRODUCED  IN  MONOCRYSTALLINE  FORM. 
THEN  IT  IS  APPARENT  THAT  SOLAR  EFFICIENCIES  WOULD  BE  HIGHER. 

STRUCTURE  LOSS  IS  BELIEVED  TO  BE  CAUSED  BY  CONTAMINATION  OF 
THE  MELT.  EITHER  BY  PARTICLES  FROM  THE  CRUCIBLE  OR  BY  CARBON 
CONTAMINATION  FROM  THE  CARBON  MONOXIDE  FURNACE  GAS  ATMOSPHERE. 

THROUGHPUT  CAN  BE  INCREASED  BY  INCREASING  THE  SPEED  OF  THE  NON-GROWTH 
OPERATIONS.  AS  WELL  AS  THE  GROWTH  RATt. 

- PRESENTLY.  THE  MELTING  RATE  DOES  NOT  MEET  OUR  GOALS.  BECAUSE 
A CRYSTAL  GROWER  IS  DESIGNED  FOR  HIGH  THERMAL  GRADIENTS  AND 
LARGE  HEAT  LOSSES  ABOVE  THE  MELT.  THE  MELTING  RATE  IS  LIMITED 
AND  MUCK  HEAT  IS  LOST.  PRELIMINARY  EXPERIMENTS  SHOW  THAT 
TEMPORARY  RADIATION  SHIELDING  OVER  THE  CRUCIBLE  DURING  MELTING 
WOULD  SPEED  UP  THE  MELTING  RATE  WHILE.  AT  THE  SAME  TIME.  REDUCE 
POWER  CONSUMPTION. 
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- THE  GROWTH  RATE  IS  NOT  LIHITEO  BY  STRUCTURE  LOSS  CONSIDERATIONS; 
RATHER>  IT  IS  LIHITED  BY  THE  TENDENCY  OF  CRYSTALS  TO  LOSE 
CYLINDRICAL  SHAPE  - WHICH  WE  CALL  CORKSCREWING.  A NUMBER  OF 
RUNS  WITH  A CONE-SHAPED  RADIATION  SHIELD  HAVE  GIVEN  ENCOURAGING 
RESULTS;  HOWEVER,  THE  PROBLEM  HAS  NOT  BEEN  ELIMINATED.  IT  MAY 

BE  THAT  STEEPER  THERMAL  GRADIENTS  WILL  BE  REQUIRED  TO  PREVENT 
CORKSCREWING  AND,  THUS,  HOT  ZONE  REDESIGN  MAY  BE  REQUIRED. 

WE  BELIEVE  THAT  QUANTITATIVE  MEASUREMENTS  OF  MELT  TEMPERATURE 
GRADIENTS  AS  A FUNCTION  OF  VARIABLE  GROWTH  PARAMETERS  WOULD 
LEAD  THE  NAY  TOWARD  IMPROVED  THERMAL  CONDITIONS  FOR  FASTER 
GROWTH  AND  STRAIGHTEN  CRYSTALS. 

- ALTHOUGH  THE  MICROPROCESSOR  IS  CAPABLE  OF  STABILIZING  THE  MELT 
REPRODUCIBLY,  IT  ACTUALLY  TAKES  MORE  TIME  PRESENTLY  THAN  AN 
EXPERIENCED  OPERATOR.  MORE  SOFTWARE  DEVELOPMENT  WILL  BE 
REQUIRED  TO  IMPROVE  THIS  SITUATION. 
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CRMCiiti  cbubbus)  fm>«D  Gmim  tis  hhicm  have  fEcw« 

FttLEB  HlIH  SJLtCON. 


OEVlTRrPlCATW  Mi  EKTOEU  BiOBtlS  ME  OE  COKSiPCIWILE  COWCiRN 
BECMSI  TMET  Mf  POT'NTUL  SCWCES  OE  SjO^  EMTICOLATE  HATTER#  WHICH. 


A CLOSER  LOOK  AT  THESE  DEV ilRIflCAT tON  ROSETTES  WITH  rM€..«CMmH6 


SLIDE  THERE  ME  A Ni»ER 


electron  microscope  is  show  5H  THl 


OF  OBSERVATIONS"  THAT  CAR  BE  MAM 


UJ  THEY  ARC  FRACTURED  AND  FUKINC  OFF,  I Hi  I CAT  INC  THEIR 


difference  in  structure  from  the  gussy  SURROUNDING  AREAS 
(2>  THE  ROSETTES  ARE  ROUND,  INDICATING  THAT  THEY  *6R«*  OUT 


FROM  A CENTER 


PLENARY  SESSION:  R.L.  LANE 


(5)  ENERGY  DISPERSIVE  X-RAY  ANALYSIS  SHOWS  ONLY  SILICON  WITH 
NO  DETECTABLE  INPURITIES  IN  (A)  THE  BULK  S1O2  AND  (B)  THE 
INTERNAL  PORTIONS  OF  THE  ROSETTES.  HOWEVER^  RIGHT  AT  T»« 
EDGE^  SURPRISINGLY  HIGH  CONCENTRATIONS  OF  HETAL  ARE  DETECTED. 


EXPRESSED  AS  ATONIC  PERCENT: 

Si  89.92 

S 1.78 

a 5.01 

K 2.15 

Ca  1.14 

WE  BELIEVE  THAT  THIS  DEVITRIFICATION  IS  ASSOCIATED  WITH  LOSS  OF 
NONOCRYSTALLINITY.  WE  ALSO  BELIEVE  THAT  IT  IS  ACCELERATED  BY  INPURITIES 
IN  CR'KIBLE,  NELT,  ON  FURNACE. 
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IN  AN  ATTEMPT  TO  UNDERSTAND  THE  MECHANISM  OF  STRUCTURE  LOSS^  WE  HAVE 
CONSTRUCTED  A DEVICE  WHICH  SAMPLES  AND  ANALYZES  THE  GROWER  EXHAUST 
GAS  FOR  CARBON  MONOXIDE^  HYDROGEN^  AND  WATER.  IF  CARBON  IS  CONTAMINATING 
THE  MELT,  IT  WILL  BE  CONCENTRATED  IN  THE  RESIDUAL  MELT  AND  COULD  LEAD 
SUBSEQUENTLY  TO  SILICON  CARBIDE  PRECIPITATION,  AS  MORE  AND  MORE  CRYSTALS 
ARE  GROWN. 

CARBON  MONOXIDE  HAS  BEEN  FOUND  IN  SURPRISINGLY  HIGH  CONCENTRATIONS, 

AND  IS  A FUNCTION  OF  TEMPERATURE. 


DESCRIBE  PLOT  - 

- SCALES,  ORDINATE  B ABSCISSA 

- CO  AND  »2 

- MELTBACKS  VS.  RECHARGE 

- TREND  DOWNWARD  WITH  TIME 


APPROX  -ATELY  5000  PPM  ARE  SEEN  DURING  MELTDOWN. 


»2  evolution  and  water  (NOT  SHOWN)  REACT  LIKE  TYPICAL  0UTGASSIN6. 
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Advanced  Cz  Status 


GOALS  ACHIEVED 

150  KG  FROM  ONE  CRUCIBLE  (5  X 30  K6  INGOTS) 

15  CM  DIAMETER  x 37.5  KG  GROWTH  DEMONSTRATED 
MICROPROCESSOR  CONTROLS  WITH  IMPROVED  SENSORS 
PROTOTYPE  EQUIPMENT  TRANSFERRABLE  TO  INDUSTRY 
AFTER-GROWTH  YIELD  - 90X  OF  MELT  PULLED 
1«  W1-1  IN  MONOCRYSTAL 

GOALS  NOT  ACHIEVED  DEMONSTRATED 

THROUGHPUT  - 2.5  KG/HR  1.5  K6/HR  FOR  150  KG  RUN 

YIELD  OF  MONOCRYSTAL  - 90X  50X  MONO  150  K6 

RECHARGE  MELTING  RATE  - 25  KG/HR  1<I  K6/HR 


TO  SUMMARIZE  THE  STATUS,  WE  HAVE  MADE  A URGE  NUMBER  OF  MULTIPLE  INGOT 
RUNS  WITH  RUN  SIZE  UP  TO  150  KILOGRAMS.  THE  RECHARGE  PROCEDURE  IS 
RELIABLE  FROM  A PRODUCTION  STANDPOINT. 

- 30  KG  INGOTS  HAVE  BEEN  PRODUCED  IN  150  KG  RUNS,  AND  THE  FEASIBILITY 
OF  EVEN  URGER  INGOTS  HAS  BEEN  ESTABLISHED  ON  THE  JPL  FACILITY. 

- THE  MICROPROCESSOR  SYSTEM  REQUIRES  MORE  SOFTWARE  DEVELOPMENT,  BUT  HAS 
THE  POTENTIAL  TO  LOWER  UBOR  COST  AND  IMPROVE  PERFORMANCE. 

- KAYEX  RECENTLY  HAS  INTRODUCED  THE  HAMCO  CGGOOO  CRYSTAL  GROWER  WITH  A 
CHARGE  CAPACITY  IN  THE  50-60  KILOGRAM  RANGE,  WHOSE  DESIGN  IS  BASED 
UPON  THE  JPL  PROTOTYPE.  THUS,  THE  UTEST  TECHNOLOGY  IS  NOW  AVAILABLE 
TO  THE  INCUSTRV 

- CERTAIN  IMPORTANT  GOALS  WERE  HOT  COMPLETELY  ACHIEVED. 

- SELECTIVE  R 8 D PROGRAMS,  AS  SUGGESTED,  WOULD  ADDRESS  THESE  GOALS: 

THROUGHPUT  - RADIATION  SHIELDING,  TEMPERATURE  PROFILING. 

YIELD  - CRUCIBLE  AND  GAS  ANALYSES. 

RECHARGE  MELTING  RATE  - TEMPORAR'.  RADIATION  SHIELDING  DURING  MELTING. 
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ORIGINAL  PAGE 

SLACK  AND  WHITE  PHOrOGRAPff 


THIS  IS  A PMOTOQRftPH  OF  THE  FIRST  CGSOOO  WHEN  IT  WAS  BEINO  ASSEHBLED. 
THIS  MACHINE  WAS  PURCHASED  SPECIFICALLY  FOR  SOUR  IN&OT  PRODUCTION  USING 
THE  JPL-OEVELOPED  PERIODIC  RECHAR6E  METHOD,  IT  IS  PLANNED  TO  PRODUCE 
60  TO  80  KILOG.TAMS  FROM  EACH  CRUCI8LE.  ALTHOUGH  THIS  IS  NOT  THE 
QUANTITY  DEEMED  TO  BE  THE  MOST  COST  EFFECTIVE,  IT  IS  CERTAINLY  A MAJOR 
STEP  TOWARD  LOWER  COST  SOLAR  6RADL  MATERIAL. 


CG6000 
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' WOULD  LIKE  TO  SUMMARIZE  BY  EXPLAINING  OUR  POSITION  WITH  RESPECT  TO 
•^lOWTH  EQUIPMENT. 

- FIRST/  THE  CZ  PROCESS,  WITHOUT  QUESTION,  IS  CAPABLE  OF  PRODUCING 
CONSISTENTLY  THE  HIGHEST  EFFICIENCY  PHOTOVOLTAIC  CELLS. 

- HIGH  EFFICIENCY.  IS  A VERY  IMPORTANT  INGREDIENT  TO  LOW  COST,  BACAUSE 
LESS  OF  ALL  OTHER  MATERIALS  ARE  REQUIRED  TO  PRODUCE  A KILOWATT  OF 
POWER  - LESS  GUSS,  LESS  STRUCTURE,  LESS  SILICON,  EVEN  LESS  REAL 
ESTATE. 

- SECONDLY,  IT  IS  FAST.  EVEN  AT  l.H  KG/HR,  IT  IS  EQUIVALENT  tq  OVER 

1 K^/HR  FOR  ONE  PULLER,  WHICH  IS  ABOUT  100  WATTS  OF  GENERATING  CAPACITY 
PER  HOUR.  IT  TAKES  6 TC  7 OF  THE  FASTEST  RIBBON  PULLERS  TO  KEEP 
UP  WITH  ONE  CZOCHRALSKI  PULLER  IN  TERMS  OF  SQUARE  METERS  PER  HOUR. 

• AS  A THIRD  POINT  NOT  MENTIONED  PREVIOUSLY,  I WOULD  LIKE  TO  SUGGEST 
CZOCHRALSKI  AS  AN  ALTERNATIVE  TO  CASTING.  LARGE  DIAMETER  INGOTS  (IN 
THE  3?*  RANGE)  HAVE  BEEN  GROWN  IN  THE  KAYEX  TECHNOLOGY  CENTER  AT  A RATE 
OF  6 KG/HR.  CERTAINLY,  SEVERAL  OF  THESE  INGOTS  COULD  BE  PRODUCED 
FROM  THE  SAME  CRUCIBLE.  THERMAL  SHOCK  CRACKING  AND  CRUCIBLE  OR  MOLD 
PROBLEMS  WOULD  BE  ELIMINATED.  THE  INGOTS  WOULD  BE  CROPPED,  SECTIONED 
AND  SLICED  JUST  LIKE  CAST  INGOTS. 

YOU  MAY  ASK,  "WHY  DOESN'T  INDUSTRY  60  AHEAD  AND  INVEST  DOLURS  IN 

THESE  IDEAS  IF  THEY  ARE  SO  GOOD?" 

SMALL  EQUIPMENT  MANUFACTURERS  L*KE  KAYEX  ARE  DRIVEN  BY  THE  CUSTOMERS  AND 

THE  MARKETPLACE.  90X  OF  OUR  PROJECTED  CRYSTAL  GROWER  BUSINESS  FOR  THE 

POfiESEEABLE  FUTURE  WILL  COME  FROM  THE  SEMICONDUCTOR  INDUSTRY  OUR 

CORPORATE  R AND  D WILL  BE  DIRECTED  TOWARD  THAT  MARKET  - WE  WILL  BE 

CONCERNING  OURSELVES  AND  OUR  DESIGNS  WITH,  FOR  EXAMPLE: 
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- OXYGEN  CONTROL  AND  PRECIPITATION 

- MICROSCOPIC  AND  MACROSCOPIC  UNIFORMITY 

- THERMAL  GRADIENTS  IN  THE  GROWING  CRYSTAL  AND  IN  THE  MELT 

- MAGNETIC  CZ  GROWTH 

- AUTOMATION 

TO  THE  EXTENT  THESE  DEVELOPMENT  PROJECTS  ARE  USEFUL  TO  PHOTOVOLTAICS^  WE 
WILL  APPLY  THEIR  RESULTS;  HOWEVER^  IT  WILL  BE  OF  LIMITED  USE. 

IT  TAKES  2-3  YEARS  TO  BRING  A CONCEPT  FROM  THE  LABORATORY  TO  THE 
MARKETPLACE.  WE  ARE  SEEING  SOME  OF  THE  RESULTS  OF  OUR  PREVIOUS  WORK 
BEING  USED  NOW. 

THE  MOMENTUM  OF  DEVELOPMENT  OF  PHOTOVOLTAIC  CZ  MATERIALS  AND  ECUIPMENT 
MUST  BE  KEPT  UP  IF  REAL  COMMERCIAL  PROGRESS  IS  TO  BE  MADE  IN  FOVURE  YEARS. 
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BLOCK  V MODULE  DESIGN  SUMMARY 

JET  PROPULSION  LABORATORY 
L.D.  Runkle  ^ 

Objective 

• Design  to  Be  Commercially  Viable 

• Advance  in  State  of  the  Art  Over  Block  IV 

• Improved  Reliability  and  Durability 

• Consider  System  Implications 


Contract  Requirements 

• Preliminary  Design  of  Module 

• Electrical 

• Thermal 

• Mechanical 

• Preliminary  Inspection  System  Plan 

• Documentation 


Schedule 


• RFP  Issued 

• Proposals  Received 

• Contracts  Started 

• Completions 


Feb.  21,  1981 

April  10,  1981 

Aug.  7 - Sept.  25,  1 981 

Nov.  81  - Feb.  82 
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Module  Characteristics 


OF  r-ooR  Q-: 


ARCO 

GE 

MTSEC 

RCA 

Solarex 

Spira 


Sue  (cfiil 

Mess 

Length 

Width 
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NOCT 

(VI 

»c 

4.8 

49 

14.3 

61 
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47 

5.3 

42 

15.0 

49 

15.0 

49 

NOC  60  mWlcm^  AMI  5 NOCT 

NOCT  80  rnW’cm^.  20*'C  Amb«nt  1 m.s0c  a«d 

PEAK  lOOm^icm?.  AMVS  2ST 


P(NOC) 

(Wl 


Efficwncy  (%) 


NOC  PEAK 


Ceil  and  Circuit  Features 


ARCO  I 10.3  (dia) 

GE 

MTSEC 
RCA 

Solarex 

Spire 


Crystal 


PEAK  I HOC 


NOC  80  mWcm^  AMI  5 NOCT 

NOC  80  mlN  cm^,  20 ^'C  Ambient  I m $k  Wmd 

PmIi  100  mW  cm?  AMI  5 25‘X 
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56 

11 

72 

36 

352 

44 

144 

12 

78 

39 

72 

36 
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of 

Diodes 
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MODULE  POWER,  Watts 
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Encapsulation  Features 
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CENTRAL-STATION  APPLICATIONS 
System  and  Subsystem  Research  Activities* 

SANOIA  NATIONAL  LABORATORIES 
G.J.  Jones 

Photovoltaic  central  power  stations  were  first  analyze*!  in  three  parallel 
studies  by  General  Electric  Co.,  Spectrolab,  Inc.,  and  Westinghouse  Electric 
Corp.,  published  in  1977.  A number  of  questions  raised  in  these  efforts  have 
been  the  subject  of  more  focused  research  over  the  last  few  years.  This 
presentation  reviews  the  work  done  in  this  area  by  Sandia  National  Laboratories 
as  part  of  their  system  and  balance-of-system  research  activities.  The  work 
has  been  broken  into  three  topical  areas  starting  with  subsystems,  proceeding 
to  detailed  design  definition,  and  culminating  in  the  analysis  of  the  system's 
value  to,  and  impact  on,  the  utility. 

Several  flat-^panel  array  field  design  studies,  for  both  large  inter- 
mediate and  central-station  applications,  predict  that  $50/m^  area-related 
costs  are  achievable,  by  a number  of  concepts.  This  cost  is  based  on  vendor 
quotes  and  construction  contractor  bids.  In  the  future,  use  of  automation  and 
robotics  in  structure  placement  and  panel  installation  may  be  able  to  lower 
this  cost  by  20Z.  In  the  area  of  power  conditioning,  central-station-sized 
equipment  has  been  developed  for  other  technologies,  but  not  yet  for  photo- 
voltaics.  Conceptual  designs  for  such  a unit  will  be  sought  in  the  near 
future. 

Bechtel  recently  completed  a study  of  electrical  design  tradeoffs  for 
multimegawatt  systems.  They  analyzed  such  factors  as  the  subfield  size  versus 
voltage,  energy  loss,  and  power-conditioning  and  wiring  cost.  These  results 
indicate  that  5 MW  subfield  operating  at  2000  Vdc  bipolar  (+  1000  Vdc)  is  near 
optimum  and  does  not  adversely  impact  collector  design.  All  of  the  results  of 
this  study,  as  well  as  the  utility  requirements  identified  in  the  test  facility 
design  studies,  have  been  incorporated  into  the  reference  designs  being 
developed  by  Martin  Marietta.  These  designs  are  site-specific  and  utilize 
existing  prototype  hardware,  is  active  utility  (APL)  participation  in 

this  work  and  an  experienced  istruction  engineering  firm  (Stearns-Rogers)  as 
subcontractor. 

The  analysis  of  central-station  plant  value  and  impact  on  the  utility  is 
a relatively  new  activity.  The  value  of  PV  central  station  plants  as  a 
function  of  region  can  be  determined  from  the  energy  scenario  effects  study, 
recently  completed  by  General  Elec'^ic.  This  work  focused  on  distributed  PV 
applications  but  the  value  analysis  is  equally  applicable  to  central  stations. 
Regions  with  high  oil  and  gas  use  were  found  to  offer  high  value,  as  would  be 
expected.  The  analysis  of  the  impact  of  PV  syjstems  on  the  utility's  spinning 
reserve  requirements  will  be  studied  by  Arizona  State  University.  This  work 
will  be  directed  by  Paul  Ander.^on  and  will  involve  utility  consultants  on 
generation  planning,  dispatch,  and  distribution. 


♦This  work  was  supported  by  the  U.S*  Department  of  Energy,  Division  of 
Photovoltaic  Technology 
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AREAS  OK  RESEARCH: 

•Array  Field  Engineering  and  Power  Conditioning  Development 
•Design  Tradeoff  Analysis  and  Detailed  Design  Preparation 
• Utility  Value  and  Operational  Impacts  Determination 


Array  Field  Engineering 


• Modular  Array  Field  Designs 

(20-500  kM  Subfielj) 

- Battelle-Columbus  (SAND81-7183) 

- Hughes  (SAND81-7193) 

• Integrated  Array/Structure  Design 

- Bechtel  (SAND81-7191) 

• Automated  Installation  Techniques 

- Burt  Hill  Kosar  Rittleman  (SAND81-7192) 


STRUCTURE  AND  EOUNOATiC»y 
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Array  Field  Design  Summary 

• Construction  Contractor  Costing  of  Array  Field  Designs  Predict 
Area-Related  BOS  Costs  of  $50/m^,  (Site  Prsp.^  Structure, 
Installation,  Hiring,  Etc.) 

• An  Appropriate  Mix  of  Autohated  and  Conventional  Installation 
Methods  May  Reduce  Costs  by  About 

Design  Tradeoffs  and  Detailed  Preparation 

• Central  Power  Station  Test  Facility  Design 

- Bechtel  (SAND79-7012) 

- General  Electric  (SAND79-7022) 

• Subsystem  Optimization  and  Design  Tradeoff  Study 

- Bechtel  (SAND81-7013) 

• Central  Station  Reference  Design 

- Martin  Marietta  ( n Progress) 
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Central-Station  Reference  Design  (Martin-Marietta) 

•Site  Specific  Design  Using  Actual  Soil  and  Terrain 
Characteristics 

- Saguaro  Power  Station^  APS 

• Two  Complete  100  MW  Field  Designs 

- Flat  Plate:  Dendritic  Web  Module'  and  Bechtel 
Integrated  Structure  Design 

- Concentrator:  Martin-Marietta  Mod  2 Point  Focus  Fresnel 

• Field  Characteristics  Based  on  Subsystem  Optimization  Study 

- 5 MW  (ac)  Subfield 

- 2000  V Bipolar  dc  Wiring 

- 3A.5  kV  Infield  ac  Distribution 


Design  Information  Summary 

• Several  Techniques  Have  Been  Found  to  Reduce  In-Field  dc  Wiring 

• Almost  'll  Economies  of  Scale  and  Energy  Loss  Minimizatk:i  Can  Be 
Achieved  by  5 MW,  + 1000  Vdc  Subfield 

• Design  Tradeoffs  Must  Consider  Life  Cycle  Value  of  Energy  Loss  in 
Conjunction  With  First  Cost  to  DETERMiwt  Optimum, 


110 


i. 


LENARY  S^iSSION:  G.J.  JONES 

Utility  Value/Impact  Determination 

• The  Effect  of  Future  Energy  Scenarios  on  Photovoltaic 
Energy  Value 

- General  Electric  (SAND81-7012) 

•The  Impact  of  Stochastic  PV  Energy  Supply  on  Utility 
Operations 

- Arizona  State  University  (In  Progress) 


Utility  Value  Determination 

• Regions  with  High  Oil  and  Gas  Usage  in  Intermediate 
AND  Base  Load  Generation  are  Favored. 

• Only  Future  Scenarios  Affecting  Oil/Gas  Use  and  Value 
Effect  PV  Energy  Value  in  These  Regions, 

• Distributed  and  Centralized  PV  Plants  Have  the  Same 
Energy  Value  to  the  Grid  (Assuming  Negligible  T&D  Impact), 
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PV  LARGE  SYSTEMS  PROJECT 

AEROSPACE  CORP. 

S L.  Leonard  ^ 

Utility  Oil  Conservation 

A Near-Term  PV  Central-Station  Market 


• PRIMARY  MARKEf  AREAS 

• CALIFORNIA  aORIDA  HAWAII. 

PUER10  RICO 

• OIL-OEPENOENT 

• HIGH  INSOLATION 

• PRESENT  iim  OIL  OSL 

SOaOOO  I8U0AY  OOi  OF  U.S. 
UTILITY  OIL  CONSUMPTION! 

• SECONDARY  MARKET  AREAS 

• LOUISIANA.  TEXAS.  OKLAHOMA 

• DEPENDENT  ON  NATURAL  GAS.  OIL 

• GOOD  INSOLATION 

• PRESENT  U978I  OIL  USL 

85.000  BBL/DAY 

• PRESENT  am  IMTURAL  GAS  USE; 

1.00IL000  BBUDAY  lOIL 
EQUiVALEND 


BREAKEVEN  PHOTOVOLTAIC  SYSTEM  COST  VS 
OIL-STEAM  POWER  GENERATION 


•CONCLUSION 

• IF  BASaiNE  TECHNOLOGY  COMMERCIAL  READINESS  GOALS  ARE  REACHED.  IT  Will  BE  COST-EFFECTIVE  BY  THE 
lATE  IWs  IN  THE  PRIMARY  MARKET  AREAS  TO  CONSTRUCT  PHOTOVOLTAIC  PIANTS  SOLELY  TO  REDUCE  OIL 
CONSUMPTION.  EVEN  IF  THE  REAL  (inlMion-aljuslall  PRICE  OF  OIL  DOES  NOT  INCREASE  OVER  ITBO  VALUES 


PRECEDING  PAGE  BLANK  NOT  RLMED 
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ORlGiriAL  PAGb  IS 
OF  POOR  QUALITY 


Issues 


• QUESTION:  IS  THIS  APPARENT  OPPORTUNITY  REAL,  OR  IS  THE  ANALYTICAL 
APPROACH  TOO  SIMPLIFIED? 

. RESPONSE:  DETAILED  ANALYSES  OF  VALUE  OF  PHOTOVOLTAIC  GENERATION 
IN  SPECIFIC  OIL-DEPENDENT  SUNSaT  UTILITIES 


• QUESTION:  ARE  THESE  RESULTS  CREDIBLE  TO  THE  INDUSTRIES  THAT  WOULD 
BE  INVOLVED? 

• RESPONSE:  EXTENSIVE  IN-DEPTH  DISCUSSIONS  WITH  REPRESENTATIVE 

ORGANIZATIONS  IN  THE  UTILITY.  PHOTOVOLTAIC  MANUFACTURING. 
AND  CONSTRUCTION  INDUSTRIES 


• QUESTION:  HOW  CAN  TECHNICAL  AND  ECONOMIC  RISKS  BE  REDUCED  TO  THE  POINT 

THAT  THE  PRIVATE  SECTOR  WILL  TAKE  ADVANTAGE  OF  THIS  OPPORTUNITY? 

• RESPONSE:  ANALYSES  OF  INNOVATIVE  FINANCING  ARRANGEMENTS  THAT  COULD 
LEAD  TO  HAND-OFF  TO  THE  PRIVATE  SECTOR  AT  CURRENTLY 
ACHIEVABLE  SYSTEM  COSTS.  ONCE  TECHNICAL  FEASIBILITY  HAS 
BEEN  DEMONSTRATED 

SUPPORT  OF  FEDERAL  PARTICIPATION  IN  INITIAL  UTILITY- SCALE 
PROJECTS  THAT  DEMONSTRATE  TECHNICAL  FEASIBILITY  OF  LARGE 
PHOTOVOLTAIC  SYSTEMS  FOR  UTILITY  APPLICATIONS 


Value  Analysis  Methodology 
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OF  POOR  QUALITY 


Value  of  PV  Power  Plants  In  the  Southern 
California  Edison  System 


ASSUMPTIONS 

• ALL  COSTS  IN  IWO  OaiARS 

• GENERAL  INFLATION  RATE 

• 1981  - I987;~8.4%/YR 

• 1988  - S»/  YR 

• REAL  FUEL  PRICE  ESCALATION 

• 1981  - I984:~2.7%/YR 

. 1985  - 2%l  YR 

• PHOTOVttTAIC  SYSTEM  LIFE:  30 

• PHOTOVaTAIC  PENETRATION 

• ENERGY:  5% 

• CAPACITY:  11% 


] FUEL  SAVINGS 

] CAPACITY  CREDIT  \3\  5600' kVm 
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OKiui  - - ' 

OF  POOR  QUALhT 


Vaiue  of  PV  Power  Plants  in  the  Los  Angeles 
Department  of  Water  and  Power  System 


ASSUMP'IWS 

• ALL  COSTS  n 1V31  DOLLARS 

• GENERAL  INFLATION  RATE 

• 1981  - 8S:  9.12%/ YEAR 

• 1986  - “Jr:  8.30%/ YEAR 

• 1991  - : 5.95%/ YEAR 

• REAL  rua  PRICE  ESCALATION 

• 1981  - P5:  0.88%/ YEAR 

• 1986  - 90:  1.70%/ YEAR 

. 1991  - : 2.05%/ YEAR 

• PHOTOVOLTAIC  SYSTEM  lIFE:  30  YEARS 
« PHOTOVOLTAIC  ThNETRATION 

• 1981:  2.1%  OF  ELECTRIC  ENERGY 

FROM  THERMAL  UNITS 

• 1994:  1.5%  OF  ELECTRIC  ENERGY 

FROM  THERMAL  UNITS 


I 1 FUEL  SAVINGS 

V777A  CAPACITY  CREDIT  (at  $600/kWI 
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OR!G5rv*L  PAGE  IS 

OF  POOR  QUALITY 


Third'Party  Ownership  Option 

coNCErr: 

INVESTOR  OROUr  FINANCES  CONSTRUCTION  OF  FHOTOVOLTAIC  FOMER  RUNT.  SELLS  ELECTRICITY  TO 
UTILITY.  TAKES  AOVANTAOE  OF  TAX  INCENTIVES  NOT  AVAILARLE  TO  UTILITY 


AOVANT..V 


INCLUSION  OF  TAX  RENEFITS  MAKES  INVESTMENT  AnUACTIVE  WHEN  COST  OF  FLANT  IS  STILL  TOO  HiON 
fOR  ••’••ITYFURCMASE 
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Investment  Evaluation:  Third-Party  Financing  Arrangement 


ECONOMIC  ASSUMPTIONS 
SYSTEM  COS^  ($/Wp) 

13.00 

10.50 

7.00 

REAL  ESCAUTION  OF  aECTRICITY  PRICE 

5«/yr 

31k/ yr 

0%/yr 

EQUITY  CAPITAL  it  of  systOR  costi 

25 

25 

50 

DEBT  CAPITAL  (%  of  system  cost) 

75 

75 

SO 

EQUITY  RESERVE  it  of  system  cost) 

50 

48 

21 

REQUIRED  AFTER-TAX  RETURN  ON  EQUITY 

15%/ yr 

15%/ yr 

15%/yr 

BENEFIT/ COST  BREAKDOWN  (After-Tax  Net  Present  Valu 

e as  Perce 

ntage  of  Eq 

uity) 

FEDERAL  INVESTMENT  TAX  CREDIT 

12.4 

12.8 

13.0 

FEDERAL  ENERGY  CREDIT 

18.7 

19.2 

19.6 

CALIFORNIA  ENERGY  CREDIT  (net  of  Federal  Tad 

16.8 

17.2 

17.6 

DEPRECIATION:  FEDERAL 

37.9 

38.9 

39.8 

CALIFORNIA  (net  Of  Federal  Tax) 

4.3 

4.4 

4.5 

NET  LOAN  COST  (less  Interest  shelter) 

(46.8) 

(48.1) 

(32.7) 

NO  ELECTRIC  POWER  REVENUE  (net  of  O&M) 

15.5 

15.6 

17.4 

RESERVE  RaEASE 

21.8 

22.1 

12.7 

RESERVE  INTEREST 

19.4 

18.9 

7.6 

100.0 

101.0 

99.5 
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Investment  Evaluation:  Selected  Sensitivities 


£^0N0MIC  ASSUMPTIONS 

SYSTEM  COST  »/Wpl 

10.50 

6.00 

7.60 

4.50 

SYSTEM  SERVICE  LIFE  (yearsi 

30 

30 

30 

REAL  ESCALATION  OF  ElECTRICITY  PRICE 

3Wyr 

3*/yr 

3*/yr 

3*/yr 

• EQUITY  CAPITAL  (percent  of  system  costi 

25 

60 

25 

30 

DEBT  CAI^ITAL  (percent  of  sy^'em  costi 

75 

40 

75 

70 

EQUITY  RESERVE  (percerR  of  <vstem  costi 

47.4 

9.65 

50 

21.2 

RATE  OF  INTEREST  ON  DEBT 

12* 

12* 

12* 

REQUIRED  AFTER-TAX  RETURN  ON  EQUITY 

15* 

15* 

15* 

15* 

FEDERAL  AND  STATE  SOLAR  TAX  CREDITS 

YES 

YES 

YES 

S 

BENEFIT/ COST  BREAKDOWN  (after-tax  net  present 
value  as  percentage  of  equityl 

FEDERAL  INVESTMENT  TAX  CREDIT 

12.8 

13.4 

12.4 

IF.2 

FEDERAL  ENERGY  CREDIT 

19.2 

20.1 

18.7 

0 

CALIFORNIA  ENERGY  CREDIT  (net  of  federal  taxi 

17.2 

18.1 

16.8 

0 

DEPRECIATION:  FEDERAL 

38.9 

40.8 

37.9 

55.5 

CALIFORNIA  (net  of  federal  taxi 

44 

4.6 

4.2 

6.2 

NET  LOAN  COST  (less  interest  shelterl 

(48.11 

(31.21 

(58.71 

164.01 

NET  ELECTRIC  POWER  REVENUE  (net  of  O&MI 

15.6 

22.7 

21.0 

51.9 

RESERVE  RELEASE 

22.1 

9.2 

23.5 

24.9 

RESERVE  INTEREST 

18.9 

2.2 

25.0 

7.6 

lOI.O 

99.9 

100.8 

100.) 
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Current  Large-System  Projects 

• SACRAMENTO  MUNICIPAL  UTILITY  DISTRICT  PROJECT 

• PIANNED  CAPACITY:  1 MW„  (AC) 

P 

• SITE:  RANCHO  SECO  NUCLEAR  POWER  PLANT.  30  MILES  SOUTH  OF 
SACRAMENTO,  CALIFORNIA 

• FUNDING  ALLOCATION:  $12  MILLION  --  $6.8  MIUION  FROM  DOE. 

$2  MILLION  FROM  STATE  OF  CALIFORNIA,  $3.2  MILLION  FROM  SMUD 

• PROJECTED  IOC  DATE:  JUNE  1984 

• FIRST  STAGE  OF  PLANNED  100  MW^  PHOTOVOLTAIC  POWER  PLANT 

• ARCO  SOLAR /SOUTHERN  CALIFORNIA  EDISON  COMPANY  PROJECT 

• PLANNED  CAPACITY:  1 MWp  (DC) 

• SITE:  LUGO  SUBSTATION  NEAR  VICTORVILLE,  CALIFORNIA 

• ARCO  SOLAR  TO  BE  BUILDER,  OV/NER,  AND  OPERATOR 

• SOUTHERN  CALIFORNIA  EDISON  TO  PURCHASE  AND  DISTRIBUTE  OUTPUT  POWER 

• PROJECTED  IOC  DATE:  DECEMBER  1982 

• PRIVATE  VENTURE  MADE  POSSIBLE  BY  STATE  AND  FEDERAL  TAX  •'^CENTIVES 
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Conclusions 


• DETAILED  ANALYSES  OF  THE  VALUE  OF  PHOTOVOLTAIC  GENERATION  TO  SPECIFIC 
UTILITIES  CONFIRM  THE  RESULTS  OF  SIMPLIFIED  ANALYSIS 

• PHOTOVOLTAIC  PLANTS  COSTING  $1.50  - 2.00/Wp  WOULD  BE  COST-EFFECTIVE 
IN  AN  OIL- DEPENDENT  SOUTHWESTERN  INVESTOR- OWNED  UTILITY 

• THE  BREAKEVEN  COST  IN  A SIMILAR  MUNICIPAL  UTILITY  WOULD  BE  EVEN 
LARGER:  $3.00  - 4.00/ Wp 

• THE  PROGRESSIVE  ELEMENTS  OF  THE  UTILITY  INDUSTRY  ARE  KEENLY  INTERESTED 
IN  PHOTOVOLTAIC  TECHNOLOGY  BUT  REQUIRE  ASSISTANCE  TO  PROCEED  WITH 
LARGE  COMMERCIAL  (i.e.,  non-R&OI  PROJECTS 

• RISKS  ARISING  FROM  UNCERTAINTIES  IN  SYSTEM  COST  AND  PERFORMANCE 
ARE  TOO  LARGE  TO  BE  JUSTIFIED  UNDER  ALLOWED  RATES  OF  RETURN 

• UTILITIES  ARE.  HOWEVER,  WILLING  TO  ENTER  INTO  AGREEMENTS  WITH 
THIRD  PARTY  FINANCED  PROJECTS 

• UNDER  A PROPERLY- STRUCTURED  THIRD-PARTY  ARRANGEMENT.  CONSTRUCTING 
A PHOTOVOLTAIC  PLANT  AT  CURRENTLY  ACHIEVABLE  COSTS  CAN  BE  AN 
ATTRACTIVE  INVESTMENT 

• CURRENT  SOLAR  TAX  CREDITS  CONTRIBUTE  HEAVILY  TO  EFFECTIVE  RALE 
OF  RETURN  ON  INVESTMENT 

• LEVERAGED  FINANCING  AT  REASONABLE  RATES  SIGNIFICANTLY 
INCREASES  RETURNS 
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f N83  105181 

SACRAMENTO  MUNICIPAL  UTILITY  DISTRICT 
1 00-MWe  PHOTOVOLTAIC  POWER  PLANT 

JET  PROPULSION  LABORA  TORY 
R.V.  Powell 
Chronology 


• SMUD  unsolicited  proposal  to: 

• U.S.  Dopartmont  of  Energy  (DOE) 

• California  Energy  Commission  (CEO 

• Congress  mandated  $6.81111  for  FY'82  for  SMUD  Project 

• negotiations  for  July  1982  start 

The  SMUD  Power-Plant  Proposal 

• Unsolicited  proposal  (Dec.  '81) 

• 100  MW  in  10  phases  • Rancho  Soco  site 

• 1 MW  1st  phase  • 24  months 

• Design  selected  fr^r  1st  phase 

• Alternative  designs  planned  for  later  stages 

• SMUD  Project  Manager 

• CEC  assist  in  onvironment  impact 

• Fodoral/Stato  role  is  to  share  early  cost  risk 

• Cooperative  agreement 

• Projoc"  Review  Board 


PLENARY  SESSION:  R.V.  POWELL 


Special  Features 

• Difftrential  funding  from  governmant  to  limit  cost/kW  to  a fixed  valua 

• Government  would  bo  reimbursed  when  cost  falls  below  fixed  value 

• Cost  overruns  would  either  be  absorbed  by  SMUO  or  would  result  in  a 
change  of  scope  by  the  Project  Review  Board 


The  Government  Contract/Cooperative  Agreement 


• DOE  cooperative  agreement  June  '82 

• CEC  contract  June  '82 

• Limited  to  1st  1 MW 

• Alternative  designs  te  be  considered 

• DOEIPV  Design  Assistance  Team 

• $MUD  Project  Rf^^oager 

• Project  Review  Board 
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ENERGY  ECONOMICS:  DOES  PHOTOVOLTAICS  FIT  IN? 

SHELL  OIL  CO. 

M.  Sagenkehn 
(Abridged) 

1980  Energy  Budget,  Crude  Oi!  Equivalents:  MM  bbl/day 


TRANSP 

RES./ 

COM'L 

IHDUST 

CHEN 

FDSTKS 

EXPORTS 

ELEC 

UTIL 

SYN 

CRUI« 

SYN 

GAS 

TOTAL 

OIL 

8.5 

2.4 

2.9 

1.0 

0.5 

1.4 

• 

- 

16.7 

GAS 

3.7 

4.0 

0.3 

- 

1.8 

- 

- 

9.8 

COAL 

0.1 

1.6 

- 

1.1 

5.8 

- 

• 

8.6 

lUCLEAR 

1.2 

1.2 

HYDRO 

1.4 

1.4 

SHALE 

- 

- 

RENEWABLE 

- 

- 

DELV'D 

ELECTRICITY 

2.1 

1.3 

(3.4) 

TOTALS 

8.5 

8.3 

9.8 

1.3 

1.6 

8.2 



37.7 
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OKiCiuAL  PASS  O' 

OF  POOR  QUALITY 

Energy  Growth  in  the  United  States,  Crude  OH 
Equivalents:  MM  bbl/day 


TOTALS 


1975 


34.2 


1980 


1991 


100 

■2. OX  AAI* 
*A!Q)UALIZED  AVERAGE  INCREASE 


100 


2000 


X 

X 

X 

X 

OIL 

15.5 

46 

16.7 

44 

16.2 

38 

14.1 

30 

GAS 

9.5 

28 

9.8 

26 

7.5 

18 

6.8 

14 

COAL 

6.9 

20 

8.6 

23 

12.8 

30 

19.7 

41 

NUCLEAR 

.8 

2 

1.2 

3 

3,4 

8 

3.8 

8 

HTMtO 

1.5 

4 

1.4 

4 

1.7 

4 

1.7 

3 

SHALE 

- 

- 

- 

- 

0.5 

1 

1.0 

2 

RENEWABLE 

— 

— 

— 

— 

0.4 

1 

0.9 

2 

48.0  100 


1.4Z  AAI 


U.S.  Electric  Utility  Input  Energy  by  Full  Source, 
Crude  Oil  Equivalents:  MM  bbl/day 


1975  1S80  1991  2000 


X 

X 

X 

X 

OIL 

1.5 

16 

1.4 

12 

0.9 

6 

0.8 

4 

GAS 

1.6 

17 

1.8 

16 

1.3 

9 

0.9 

5 

COAL 

4.1 

43 

5.8 

50 

7.9 

52 

11.4 

61 

NUCLEAR 

0.8 

8 

1.2 

10 

3.4 

22 

3.8 

20 

HYDRO 

1.5 

16 

1.4 

12 

1.7 

11 

1.7 

9 

RENEWABLE 

- 

- 

- 

- 

0.1 

- 

0.2 

1 

DELV'D  ELEC. 

(2.81 

(3.4) 

(4.6) 

(5.8) 

TOTALS 

ENERGY  INPUT 

6^ 

^4 

.OX  AAI- 

-2.8X  AAI— 

-2.6X  AAI- 

^n.o 
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ORIGir^'L  PAGE  IS 
OF  POOR  QUALITY 


Solar  Energy  Forecast  (Consistent  With  Total  Energy  Forecast) 

o OF  0.9  M(  BBL/DAT  OOE  RENEUABLE  EMERGT 

FORECAST  TO  2000,  0.2  MM  BBL/DAY  MOULD  BE 
SOLAR 

o OF  0.2  Ml  BBL/DAT  SOLAR,  20Z  MOULD  BE 
PBOTOVOLTAIC 

o THE  0.4  Ml  BBL/DAT  PHOTOVOLTAIC  MOULD 

BE  DIVIDED  ABOUT  BQUALLT  BETMEEH  RESIDENTIAL/ 
OOMOSRCIAL,  INDUSTRIAL  AND  ELECTRIC  UTILITY 


1991  Energy  Budget,  Crude  Oil  Equivalents:  MM  bbl/day 


TRANSP 

RES./ 

COM'L 

INDUST 

OIL 

9.5 

2.1 

2.9 

GAS 

3.8 

2.7 

COAL 

0.1 

2.1 

NUCLEAR 

HYDRO 

SHALE 

RENEMABLE 

0.1 

0.2 

DELV’D 

ELECTRICITY 

2.8 

1.8 

TOTALS 

9.5 

8.9 

9.7 

CHEM  ELEC  SYN  SYN 


FDSTKS 

EXPORTS 

UTIL 

CRUK 

GAS 

TOTAL 

1.3 

0.3 

0.9 

(0.9) 

0.1 

16.2 

0.3 

- 

1.3 

- 

(0.6) 

9.8 

- 

1.5 

7.9 

0.6 

0.6 

12.8 

3.4 

3.4 

1.7 

1.7 

0.5 

0.5 

0.1 

0.4 

(4.6) 

1.6 

1.8 

10.7 

0.2 

0.1 

42.5 
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2000  Energy  Budget.  Crude  Oil  Equivalents:  MM  bbl/day 


TRANSP 

RES./ 

COH'L 

INDUST 

CHEM 

PDSTRS 

EXPORTS 

ELEC 

UTIL 

SYN 

CRUDE 

SYN 

GAS 

TOTAL 

OIL 

9.4 

1.7 

2.8 

1.5 

0.3 

0.8 

(2.4) 

14.1 

GAS 

4.8 

1.9 

0.5 

- 

0.9 

(1.3) 

6.8 

COAL 

2.5 

1.7 

11.4 

2.5 

1.6 

19.7 

NUCLEAR 

3.8 

3.8 

HYDRO 

1.7 

1.7 

SHALE 

1.0 

l.O 

RENEWABLE 

0.2 

0.5 

0.2 

0.9 

DELV'D 

ELECTRICITY 

3.7 

2.1 

(5.8) 

TOTALS 

9.4 

10.4 

9.8 

2.0 

2.0 

13.0 

1.1 

0.3 

48.0 

Recent  Energy  Price  Trends  (Dec.  1 980  to  Sept.  1981) 

X AAI 


PURCHASED  INDUSTRIAL  ELECTRICITY  21.5 
CRUDE  OIL  (AV.  REFINERS  ACQUISITION  COST)  9.0 
NATURAL  GAS  (UTILITY  COST)  46.0 
COAL  (UTILITY  COST)  21.5 
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CF  Pcv/R  (^-U#4wh  Y 

1 0 kW  Diesel  Generator 

PREMISES 

TOTAL  INVESTMENT:  $37M  TODAY 

$32M  IN  IS  YEARS 

(ee?:::rience  curve  effect) 

OPERATION  & MAINTENANCE  COSTS: 

$S000/YR  NOW 
$4000/YR  IN  15  YEARS 

DIESEL  PRICE:  $1.00/GALLON  AT  REFINERY  GATE 

$0. 40/GALLON  DELIVERY 


NOW 

15  YEARS  HENCE 

3Z* 

IX* 

-IX* 

REFINERY  GATE  $1.00 

$1.56 

$1.16 

$ .84 

DELIVERY  .40 

DELIVERED  DIESEL 

.35 

.35 

.35 

PRICE  $1.40/GAL 

$1. 91/GAL 

$1. 51/GAL 

$1. 91/GAL 

DOES  SOT  INCLUDE  ANY  BATTERY 

STORAGE 

*REAL  CRUDE  OIL  RATE  OF  INCREASE 

1 0 kW  Photovoltaic  System 


PREMISES 


TOTAL  INVESTMENT:  FOR  $11 /WP  - $700M 

$2.30/WP  - $275M 

OPERATION  4 MAINTENANCE  COSTS: 

FOR  $11 /WP  - $3000/YR 
$2.50/WP  - $2000/YR 

LIFE  OF  SYSTEM  - 20  YEARS 

RETURN  ON  CAPITAL  - 4Z  REAL 

INCLUDES  1 DAY  BATTERY  STORAGE  AT  AN  80Z 
DEPTH  OF  DISCHARGE 
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ELECTRIC  COST  ( kWh) 


PLENARY  SESSION:  M.  SAGENKAHN 


OF  POOR  Q'j/;  : Y 

Economic  Comparison  Between  PV  and  Diesel-Generated 
Electricity  for  a 10  kW  System 


TIME  TO  ACHIEVE  $2.50/W 


CRUDE  OIL  PRICE 


+ 3%  AAI 


ECONOMIC 


COMPETITIVENESS 


WITH  DIESEL 


10  yr 


1 5 yr 


20  yr 


ANNUALIZED  AVERAGE  INCREASE 


TIME  IN  YEARS 


Conclusions 


THE  EXTREMELY  RAPID  INCREASE  IN  ENERGY  COSTS  DURING  THE  PAST  DECADE  HAS: 

1.  CAUSED  IMIAMATIC  REDUCTIONS  IN  DEMAND 

2.  IMPROVED  SUPPLY  AND  TH.S  SUPPLY  OUTLOOK 

THE  OUTLOOK  FOR  A COMFORTABLE  U.S.  ENERGY  BALANCE  TO  THE  END  OF  THIS 
CENTURY  HAS  BRIGHTENED  CONSIDERABLY. 

THE  PRESSURE  FOR  DEVELOPMENT  OF  RENEWABLE  SOURCES  OF  ENERGY  AND  COAL 
CONVERSION  PROCESSES  HAS,  AS  A RESULT  OF  THE  ABOVE,  LESSENED. 

THESE  DEVELOPMENTS  WILL,  OF  COURSE,  STILL  BE  NEEDED  TO  FILL  SUBSTANTIAL 
PORTIONS  OF  THE  FUTURE  ENERGY  DEMAND.  THE  CURRENT  SITUATION  SUGGESTS 
THIS  TIMING  TO  BE  WELL  INTO  THE  NEXT  CENTURY. 

THE  EVENTUAL  ECONOMIC  COMPETITIVENESS  OF  PHOTOVOLTAICS  FOR  ANY  GIVEN  END 
USE  IS,  IN  ANY  EVENT,  MORE  A FUNCTION  OF  MANUFACTURING  COST  PER  PEAK 
WATT  OUTPUT  THAN  THE  RATE  OF  REAL  PRICE  INCREASES  OF  TRADITIONAL  ENERGY 
SOURCES. 


f N83  10514  3^, 

PV  HISTORY:  LESSONS  FOR  THE  FUTURE 

SPECTROLAB,  INC. 

^ E.L.  Ralph 

PV  Program  Characteristics 

a Credibility  at  hi6h  level 

• Practicality  has  been  emphasized 

• Large  scale  application  proven  feasible 

• Large  technology  base  (industry^  university^  government) 

• Terrestrial  industry  established 

• Pride  in  being  part  of  it 


Early  Planning  and  Goals 


Conventional  silicon  technology 

$2/Wp 

(1975  $) 

Advanced  silicon  technology 

$0.50/Wp 

Future  potential 

$0.30/Wp 

m 

Markets  change  as  prices  decrease 

REMOTE  LDC  VILUGES  RESIDENTIAL  POWER  STATIONS 

• Industry  must  be  well  established 
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PV  Program  History 

t Based  on  strong  space  technology  (60 *s) 

• Struggling  sour  energy  society  provided  background 

• “A  PLAN*  PRESENTED  TO  lEEE/PSC  (1970) 

• NSF/R/WN  PROGRAM  SET  GOALS  (1971) 

• NSF/FEA  PROJECT  INDEPENDENCE  BLUEPRINT  REPORT  (197A) 

• ERDA  10  YEAR  PUN  INITIATED  (1976) 

Major  Accomplishments 

• Firm  PV  remote  market  established 

• $10/Wp  MODULE  IN  PRODUCTION 

• $2.80/Wp  MODULE  TECHNOLOGY-  READY 

* f DICHLOROSILANE  silicon  PROCESS  DEVELOPED  AND  BEING  APPLIED 

Costs  reduced  factor  of  3 and  capacity  doubled 

• • Large  CZ  crystal  growth  furnaces  available 

Melt  replenishment,  automation,  A-6  inch  dia. 

• Several  silicon  sheet  technologies  demonstrated 

• Module  durability  improved  - field  test  data  available 

• System  studies  indicate  photovoltaics  can  compete 

• Also  provided  significant  benefits  to  overall  semiconductor  industry 
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Lessons  for  the  Future 

• The  task  ahead  is  large  (high  volume  low  cost) 

f Time  scale  longer  than  predicted  (>  15  years) 

Budget  constraints^  capital  investment^  market  growth^  oil  glut 

• Plans  must  be  modified  and  become  more  selective 
t Old  projections  and  goals  must  be  reevaluated 

• Maintain  credibility  and  relevance  (be  practical) 

• Research  orientation  probably  appropriate 

Accelerated  program  would  be  wasteful 
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Research  Objectives 

• Increase  efficiency 


• Lower  nateria!.  cost 


• Avoid  duplication  (government  and  industry) 
t Emphasize  high  risk/high  payoff 


Research  Needs 

• MAJOR  ADVANCEMENTS  FROM  CURRENT  TECHNOLOGIES 
(20-25Z  EFFICIENCY  SINGLE  OR  SEMI "CRYSTAL  Si  OR  GaAs) 

• MODELLING  AND  DEVICE  DESIGN  (iNC.  EFF.) 

• MATERIAL  STUDIES 

• device/nodule  PROCESSES 

• ANALYTICAL  METHODS 

• RELIABILITY  PHYSICS 

• ADVANCEMENTS  FROM  "NEXT  STEP"  TECHNOLOGIES 

(12-172  EFFICIENCY  THIN  FILM  POLYCRYSTALLINE  MATERIALS) 

» MATERIAL  STUDIES  Si,  CdTe,  ZnP,  GaAs,  InP,  CuInSe2 

• EFFICIENCY  IMPROVEMENT 

• CRYSTAL  BOUNDARY  EFFECTS 

• STABILITY  PHYSICS 

• ADVANCEMENTS  FROM  "URGE  STEP"  TECHNOLOGIES 

(25-502  EFFICIENCY  ADVANCED  CONCEPT  CELL  DESIGNS) 

• MULTI -BANDGAP  APPROACHES 

• SUPERUTTICE  STRUCTURES 


ORiot.'iAL  r.-.CcI  U--3 

OF  POOR  QUALITY 

UTILITIES  PERSPECTIVE 

ELECTRIC  POWER  RESEARCH  INSTITUTE 
R.W.  Taylor 

'Would  you  tell  mej  please^  which  way 

I OUGHT  TO  GO  FROM  HERE?* 

'That  depends  a good  deal  on  where 

YOU  WWIT  TO  GET  TO.' 


Lewis  Carroll 


Weekly  U.S.  Electric  Consumption 


('> 
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The  Solar  Equation 


PA  : i 

OF  POOR  QUALriTY 


LxMd  Forecasts 
Energy  Dlsoloceaent 
CoMclty  Olsploceaent 
Nix  Reopt  lauat  Ion 
TsO  Design 


Rote  Structures 

Financing 

Incentives 

Environent 

Omerstilp 

Sofety 


Systea  Reliability 
Reserve  Nargln 
Nalntenonce 
Dispatch 

Heather  Farecasting 


Plant  Construction 
TtO  Construction 
Perfomonce  Charocterlstlcs 
Solar  Pouer  Device 
Interfoce  Coaponents 
Existing  Systea 

Cost 


PV  Value  Analysis  Comparison 


ENERGY 

DISPLACED 

lO^TU 

KU. 


PV 

CAPACITY 

FACTOR 
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Regional  Electric  Generation  by  Principal 
Energy  Sources  (by  Percentage  of  Total) 
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Conventional  Plant  Characteristics  (1982  $) 


COAL 

OIL 

(Subcrltlcal  SOONO 

(Cottlned  Cycle  250HH) 

TOTAL  CAPITAL  REQUIfSIEIIT 

$U13-1246/i(M 

$496-653/kH 

FIXED  OlH 

$l<l.9-19.5/WI-yr 

$6.2-8.7/KH-yr 

VARIABLE  OtH 

SO.OOZA-O.OOM/kMl 

$p.0014-0.0021/kMh 

HEAT  RATE 

9970-10410 

8600-8685 

FUEL  COST 

il.50-2.60/lQ^  BTU 

$6.00-8.00/10^  BTU 

REAL  ESCAUTION 

IX/yr 

0-3X-yr 

INFLATION  8.5S/yr 

DISCOUNT  RATE  12.5X/yr 

FCR  - 0.18 

OKiGiiXAL 

OF  POOR  QUALITY 
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Range  of  Costs  for  Two  New  Generation  Sources 


254 


20 
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15  4 


ELECTRICITY 
COST 

(tf/KMh)  10  4 
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CAPACITY  FACTOR 


Additional  Sources  of  Competition 

• Iteit  Baseloao  Capacity 

• Increased  Regional  Poner  Pooling 

• Conservation  and  Load  Hanagenent 

• Storage 
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Critical  PV  S 


POOR  QLiAUry 

stem  Parameters 


System  Efficiency 
System  Cost 


^ Nooules  X ^BOS 
Q Nooules  * IBOSJIi^Inoirec^-^  lOtN 


System  Value 


F (Utility^  Pekfornance) 


Project  Cost  by  Cost-Account  Categories 
of  Current  Experiments 
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Central-Station  Balance-of-System  Cost  Summary 
(December  1982  $) 


Item  Fiat  Plate  Comcentmtor 


$/KW 

$/n2 

yKN 

Array  Structure 

28.6 

• 

Nodule  Instalution 

7.1 

13 

Foundation 

5.3 

17 

Land 

1.0 

2.6 

Site  Preraration 

8 

15 

ll0ADs«  Fences^  Oticr  Civil 

1.7 

2.9 

DC  Sudsysten 

2A 

73 

PoHER  Conditioning 

93 

93 

AC  Sudsysten 

12 

IS 

Switchyard 

lA 

lA 

Station  Power 

0.3 

0.8 

Instrunentation 

1 

3.5 

Srounoing 

0.9 

1 

1.3 

Surge  Protection 

A 

A 

Total  BOS  Field  Cost 

58 

1A3 

60 

195 

*Amiay  Structure  t Tracking  Included  nith  Nodule  Cost 


Balance-of-System  Efficiencies  (%) 


Iten 

Futplate 

Concentrator 

Nodule  Degradation 

95 

95 

Dirt  Accunulation 

95 

95 

Nodule  Ni snatch 

97 

97 

Inurarray  Shadowing 

98.5 

99.9 

DC  Sudsysten 

99.A 

98.9 

Power  Conditioning 

95 

95 

AC  Sudsysten 

99.5 

99 

Switchyard 

99 

99 

rioN  Power 

99.9 

99.9 

TOTAL 

SO 

80 
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Operating  and  Maintenance  ($/m2-yr) 


ITEM 

iumm 

CQIICEIITRATQ8 

Operators 

0.5A 

0.54 

Plant  Maintenance 

0.96 

1.36 

Array  Cleaning  (^1/ho) 

0.51 

0.51 

Module  Replacement  (0.2Z/yr) 

0.27 

0.28 

2.28 

2.69 

Indirect  Costs 


Omncr*s  Costs  6Z 

(excluding  land) 

A t E Fee  6Z 

(ninihal  nodule  checkout) 

CONTING^Y  20Z 

Interest  During  Construction  12Z 


(3  VR  CONSTRUCTION  PERIOD) 


50Z 
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Flat-Plate  Cost-Efficiency  Tradeoff 


nDDULE  GOST 

($/n2) 


OF  POOR 


qUhUT^ 


! 

\ 

f 

i 

t. 
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OF  POOR  QUALITY 


Comparison  of  Typical  Efficiency  Ranges 


Theoretical  Possibu 

Laboratory  Prototype  Cells 
Fieu)  Trial  Prototype  Cells 
Commercial  Ceus 

Commercial  Modules  • — 


s 


. 

‘ * 

K»  IS 

AH  1,  26*C  EFFICIENCY  (X) 


_i_ 

20 


-I 

2S 


Daily  Performance  of  Lovington  Array  During  1981 
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ROOFTOP  APPLICATIONS 

MASSACHUSETTS  INSTITUTE  OF  TECHNOLOGY  LINCOLN  LABORATORY 

E.  Kern  4,^.^ 

PV  Array  Refinement  and  Innovation 

• EFFECTIVE  MOUNTING  TECHNIQUES  FOR  NEW  CONSTRUCTION 
AND  RETROFIT 

• AREA  EFFICIENCY  ENHANCEMENT 

ARRAY  COOLING 
CEIL  INTERCONNECTION 
FIXED  REFLECTORS 

• AMORPHOUS  MATERIALS 

REVOLUTIONARY  OR  EVOLUTIONARY  MOUNTING? 

• FULL-SCALE  EXPERIMENTS  ON  RETROFIF  APPLICATIONS 


Power  Conditioning  Refinement  and  Innovation 

• STANDARDS  ON  POWER  QUAUTYi  VAUDATE  EFFECTS 

• INSPECTION  AND  CONTROLLED  TEST  PROaDURES 


- V - . r 
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ORIGINAL  PAGE  IS 
OF  POOR  QUAUTY 


Essential  Research  Needs:  Rooftop  Applications 


AREA 


STATUS 


Ny£ 


COST  REDUCTION 

UTILITY  INTEGRATION 
RELIARILITY 

PERFORMANCE  PREDICTION 
PV  ARRAY 

POWER  CONDITIONING 


• STALLED  AT  fl(V^ 

• RED  HERRING  (?) 


• MOOUU  COSTS  (PRICES) 

• FEDERAL  POLICY  ISSUES 

• EXPERIMENTS  TO 

VERIFY  ANALYSES 


• ARRAYS  ADEQUATE  • ACCELERATED  LIFE  TESTING 

• PCVVER  CONDITIONERS  HAVE  PROUEMS  • LONG-TERM  ENDURANCE  DATA 

• NEW  UNITS  PROMISING 


• PV  POWER  PROOuaiON  ADEQUATE 

• SOILING,  RESIDENTIAL  LOADS  UNDER  STUDY 

• ADEQUATE  DESIGNS  UNDER  TEST 

• REFINEMENTS  LIKELY 

• DRAFT  STANDARDS  AROUND 

• PRIVATE  SECTOR  ACTIVE 


• RETROFIT  EXPERIMENTS 

• MOUNTING  FOR 

AMORPHOUS  (?) 


• IMPLEMENT  SUR-SYSTEM 
TEST  PROCEDURES 


System  Cost  Reduction 

• PV  MODULE  PRICES  NOT  DECLINING 

• RESIDENTIAL  ELECTRICITY  PRICES  NOT  INCREASING 

• DISTRIBUTED  GENERATION  (PURPA)  UNDER  ATTACK 

Research  Areas:  Rooftop  Applications 

• COST  REDUCTION 

• UTILITY  INTEGRATION 

• RELIABILITY 

• PERFORMANCE  PREDICTION 

• PV  ARRAY 

• POWER  CONDITIONING  AND  CONTROL 
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Electric  Utility  Integration 

• DISTRIBUTION  SYSTEM  SAFETY  VERIFICATION 

• POWER  QUAUTY  EFFECTS  MEASUREMENTS 

• FEEDER  DESIGN  TO  ACCOMMODATE  PV 

• TEMPORAL  AND  SPATIAL  INSOLATION  EFFECTS 

CAPACITY  DISPATCH 

TRANSMISSION 

DISTRIBUTION 

rv  System  Performance  Prediction 

» EXTEND  AND  VALIDATE  SIMULATION  TECHNIQUES 
LOAD  CHARACTERIZATION 
SOILING  AND  SELF-CLEANING 

• LONG-TERM  ESTIMATES  FOR  ARBITRARY  SITES 

INTERPOLATION  BETWEEN  SOLMET  TMY  SITES 
ENLIGHTENED  CONSUMER  CHOICES 
UTILITY  CAPACITY  PLANNING 

• SHORT-  AND  MEDIUM-TERM  FORECASTS 

UTILITY  CAPACITY  DISPATCHING 

UTILITY  SCHEDULED  MAINTENANCE  PLANNING 
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PV  Svstem  Reliability 

• PV  ARRAY  ENDURANCE 

CLIMATE  EXTREMES  OVER  MULTI-YEAR  PERIODS 
DEVELOP  AND  VALIDATE  ACCELERATED  LIFE  TESTING 

• POWER  CONDITIONER  CONTROL 

WEATHER  EXTREMES 
LOAD  EXTREMES 

UTILITY  VOLTAGE  FLUCTUATIONS 
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GROWTH 


Or  \T 
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PV  RESEARCH  NEED?:  INDUSTRY  PERSPECTIVE 

SPIRE  CORP. 

R.  Little 

PV  . . ^uct  Growth  Stages 
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GROWTH 
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E-0  Technologies 

16  YEAR  CYCLE 


OKiiw.'.  ' - , < l3 
OF  POOR  QUALITY 


• Video  Discs 

• LED's 

• HgCdTe  !R  Detectors 

e laTV 

• Buikle  Nenories 

• G«As  Electronics 


• Solid  State  Inagers 

• Automatic  Bonding 

• Fiber  Optics 

• E-bean  Lithography 
B Flat  Panel  Displays 


L.A.  *’uRRAY,  Electro-Optical  Systems  Design.  October  1981 


PV  Product  Growth  Stages 
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Of  Pjc 


PAGE  fS 

quality 


GOVERNMENT  INVOLVEMENT 


MARKET 

MATURITY 


AR-I-D 

(SERI) 


• TECHNOLOGY 
DEVELOPMENT 
(JPL) 


16-20  YEARS 


CORPORATE  INVOLVEMENT 


MARKET 

MATURITY 


• ARCO 
•EXXON 


• WESTMQNOUSE 

• M-T 


.4K  _ on  VCAOO 
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PHOTOVOLTAIC  RESEARCH  NEEDS:  INDUSTRY  PERSPECTIVE 


^B83  10516 


_4'/  - 


MOBIL  TYCO  SOLAR  ENERGY  CORP. 

K.V.  Ravi  ^ 
(Presented  by  J.P.  Kalejs) 


Research  Objectives  of  PV  Industry 

• TO  UNDERSTAND.  DEVELOP  AND  inPLEHENT  NEM 
PROCESSES  FOR  THE  PURPOSES  OF  NANUFACTURING 
COST  REDUCTION  AND  REVENUE  ENHANCEHENT, 

• TO  DEVELOP  DETAILED  UNDERSTANDING  OF  ONGOING 
PROCESSES  TO  MAINTAIN  INTEGRITY  OF  THE  PROCESS 
AND  TO  ENHANCE  YIELDS  AND  EFFICIENCIES. 

• TO  MAINTAIN  AWARENESS  OF  NEW  DEVaOPMENTS  AND 
CAPITALIZE  ON  THESE  TO  SUSTAIN  AND  ENHANCE 
MARKET  SHARE  AND  PROFITABILITY. 


ISt 
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Features  of  R&D  Geared  Toward  Industry  Needs 

f RELATIVELY  SHORT  RANGE  (1-5  YEARS). 

• INTERACTIVE  - INDUSTRY,  GOVERNNENT,  UNIVERSITIES. 

• RESEARCH  IS  MORE  DEVELOPNENTAL  IN  NATURE  AND  LESS 
FUNDANENTAL. 

• RESEARCH  NEEDS  10  BE  GENERAL  IN  NATURE  RATHER  THAN 
PRODUCT  OR  PROCESS  SPECIFIC  - PROBLENS  PERTAINING  TO 
PROPRIETARY  TECHNOLOGY. 

• DIFFICULTY  OF  TECHNOLOGY  TRANSFER  (EXANPLE  OF  SUCCESSFUL 
TECHNOLOGY  TRANSFER  IS  THE  EVA  ENCAPSUUTIOK  TECHNOLOGY 
DEVELOPED  UNDER  DOE/JPL  SPONSORSHIP). 


Research  Categories 

MATERIALS 

DEVICES 

PROCESSES 

RELIABILITY 
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Materials  Research 

MATERIALS  PRODUCTION 

• RATE  EFFECTS  IN  CRYSTAL  GROWTH. 

• NENISCUS  AND  INTERFACE  PHENOMENA. 

• STRESS  PROBLEMS  IN  HIGH  RATE.  LARGE  AREA  SHEET 
GROWTH. 

t IMPURITY  INCORPORATION  AND  DISTRIBUTION  EFECTS 
AND  MECHANISMS. 

MATERIALS  PROPERTIES 

• ELECTRONIC  PROPERTIES  OF  IMPERFECT  AND  IMPURE 
CRYSTALS. 

• PROBLEMS  PERTAINING  TO  INHOMOGENEOUS  CRYSTALS. 

• THE  INFLUENCE  OF  CARBON  AND  OXYGEN  IN  SILICON  ON 
ELECTRONIC  PROPERTIES. 

• !► -LUENCE  OF  THERMAL  PROCESSES  ON  ELECTRONIC  AND 
f£CKA*nCAL  PROPERTIES. 

t ELECTRONIC  EFFECTS  OF  GRAIN  BOUNDARIES.  DISLOCA- 
TIONS. IMPURITY  INHOMOGENEITIES. 

MATERIALS  ANALYSIS 

• CENTRALIZED  ANALYTICAL  AND  CHARACTERIZATION 
SERVICES  INCLUDING  CHEMICAL.  PHYSICAL  AND 
ELECTRICAL  CHARACTERIZATION. 

t NON-DESTRUCTIVE  TECHNIQUES  FOR  RAPID  MATERIALS 
PROPERTY  ANALYSIS  INCLUDING  LIFETIME  MEASURE- 
MENTS. CRACK  DETECTION  IN  SOLAR  CELLS.  ETC. 

• CHARACTERIZATION  OF  MATERIALS  PRONE  TO  HIGH 
IMPURITY  AND  DEFECT  CONCENTRATIONS. 
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Device  Research 

• ANALYSIS  AND  DEVELOPNENT  OF  DEVICE  STRUCTURES 
FOR  NAXINIZIN6  CONVERSION  EFFICIENCIES. 

• R & D ON  CONDUCTING  OXIDES.  HETERO JUNCTIONS. 
JUNCTION  PROFILES.  GRADED  JUNCTIONS.  VOLTAGE 
ENHANCENENT  TECHNIQUES. 

• DEVICE  CONFIGURATIONS  SUITED  TO  NATERIAL  PRONE 
TO  CONTAIN  A HIGH  DENSITY  OF  INPERFECTIONS  AND 
IMPURITIES. 
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Process  Research 

PROCESS  TECHNOLOGY 

• RAPID  PROCESSING  TECHNOLOGY 

- HIGH  SPEED  JUNCTION  FORMATION  AND  METALLIZA- 
TION TECHNOLOGIES  AND  METHODS  FOR  DEPOSITION 
OF  MULTIPLE  AR  COATINGS,  METAL  CONTACTS. 

• BEAM  PROCESSING 

- LASERS,  E-BEAMS,  MICROHAVES  FOR  DIFFUSION, 
METALLIZATION,  SINTERING,  JUNCTION  ISOLATION. 

• MATERIALS  ENGINEERING  TO  DEVELOP  TECHNIQUES  SUCH 
AS  INTRINSIC  GETTEr.TW,  SELECTIVE  HEATING  OF 
CRYSTALS  FOR  PERFORMANCE  ENHANCEMENT. 

• DEVELOPMENT  OF  BASE  METAL  PASTES  FOR  SCREEN 
PRINTED  CONTACTS.  LASER  ASSISTED  PUTING  TECH- 
NIQUES. 

- AUTOMATION  AND  MATERIALS  HANDLING 

• PROCESS  DEVELOPMENTS  GEARED  TOWARDS  THE  MEEDS  OF 
AUTOMATION  AND  URGE  SULE  MANUFACTURE. 

0 YIELD  EWANCEMENT  TECHNIQUES. 

0 TECHNOLOGY  TO  DETECT  BROKEN  CaLS  IN  PROCESS. 

0 FUNDAMENTAL  UNDERSTANDING  OF  FRACTURE  MECHANICS 
OF  SILICON,  RESIDUAL  STRESS  EFFECTS,  THICKNESS 
EFFECTS  AND  EDGE  QUALITY  EFFECTS. 
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Reliability 

• FIELD  TESTING  OF  MODULES. 

• ESTABLISHMENT  OF  STANDARDS.  CALIBRATION  OF 
STANDARD  CELLS. 

• ACCELERATED  CELL  AND  PANEL  TESTING.  NEAR  OUT 
AND  FAILURE  MECHANISMS. 

• RELIABILITY  PHYSICS  - R t D IN  THE  PHYSICS  OF 
RELIABILITY  OF  MATERIALS,  DEVICES,  HETAaiZATION 
SYSTEMS,  INTERCONNEas,  PACKAGES. 
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RESEARCH  POSSIBILITIES?  NO! 

Needs  for  Research  to  Make  PV  Solar  Energy 
Utilization  Broadly  Competitive 

UNIVERSITY  OF  PENNSYLVANIA 


M.  Wolf 


Two  Types  of  Research  Philosophies 


Product:^ 

Research 

Sales: 

Oriented 

to  Enhance 

Manufaciuftd 

Organization 

Sales 

Product 

l^esearxh- 

Oriented 

Organiiation 


Sales: 


"Research 

tleeds 


Research 


Possibilities 


MAJOR  CRITERION 

FOR 

COMPETITIVENESS: 
PRICE  OF  ELECTRIC  ENERGY 
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Multivariable  Relationships 


The  Subsystems 

LfGIIT  PROCESSOR  (CONCENTRATOR.  TRACKER) 
MODULE  CONVcKTER  ARRAY 

PONEK  CONDITIONING 
ENERGY  STORAGE 
CONTROL.  PROTECTION 
AUXILIARY  ENERGY 
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System  Characteristics  Determine  Market 


System  Type 

^ Likely  Use 

1 1 

rViRKET  Size 

flosT  Likely 
1 Candidates 

High  concentration. 

^ ARID  CLIMATES.  . 

LIMITED 

1 

1 SINGLE  CRYSTAL  Al„6ai  yM/ 

TRACKING 

1 CENTRAL  STAT'ON 

' GaAs 

VERY  HIGH  EFFICIENCY,  (ATTENDED  OPERATION'  1 

I (single  crystal  Si?) 

CONVERTER 

1 

1 ‘ 

1 multi-banogap  systems 

Flat-plate. 

1 * 
All  uses.  I 

LARGEST 

1 I 

I SINGLE  crystal  Si 

HIGH  EFFICIENCY 

* COMMERCIAL  INSTALLATION 

' (multi-bandgap  systems?) 

LONG  LIFE 

1 1 

I 

Very  low  cost. 

1 PRIK  LY  RESIDENTIAL.  ' 

LIMITED 

I THIN-FILM  A-Sl 

LOW  EFFICIENCY 

1 DO-IT-YOURSELF  INSTALLA-  | 

I OTHER  TrflN  FILM  SEMICOND. 

LIMITED  LIFE 

1 1 

I (Co^nSe/Cd 

Research  Needs  on  BOS 


SUBSYSTEM 

NEEDED  ATTRIBUTES 

PAYorr 

RISK 

TIME  RANGE 
TO  ATTAINMENT 

Po.iER  CONDITION- 
ING 

LOW  PRICE. 

HIGH  F*"FICIENCV 

I 

L 

S TO  I 

CONTROL. 

PROTECTION 

LOW  »CF.  SIMPLE 

V 

A 

L 

s 

ENERGY  STORAGE 

LOW  PRICC 
LONG  LIFE 
HIGH  EFFICIENCY 
HIGH  DISCHARGE  RATE 
DEEP  CYCLE  CAPABILITY 

VH 

H 

L 

FIEID  INSTALLATION 

LOW  PRICE 

VH 

VH 

? 

high-rat:o 

CONCENTRATOR 

LLW  OR ICE 
low  MAINTENANCE 

I 

K 

I 

AUXILIARY  ENERGY 

LOW  pHiCf;  j 

H TO  VH 

VH 

L 

S ’ SKaLL  or  short  H * HIGH 

I - JNTCRMEDlATc  VH  * VERY  Hit.' 


L = LONG 

Risk  ~ inverse  PROGAblLITY  FOR 

ATTAINMENT  OF  EXPECTED  PAV^r- 
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Research  Needs  on  Modules 


ITSI 

NEEDED  ATTRIBUTES 

PAYOFF 

RISK 

TINE  TO 
AnPIllBIT 

CELL  (MMtUF'6 

process) 

COST  REDUCTION  10-20  TIMES 

VH 

I 

S TO  I 

CELL 

EFFICIENCY  INCREASE 
25  TO  66Z  SIFi>LE  CELLS 
TO  300X  MULTI-BAN06AP 
SYSTEMS  (mIU  require 
MODIFIED  CEU  PROCESSING) 

VH 

vi 

S TO  I 
L 

nODCU 

1 20  YEAR  LIFE  1 

> COMPATIBLE? 
COST  REDUCTION  J 

VH 

I 

I TO  L 

Current  Status  of  Major  Module  Processes 


Technology  Area 

Approach 

Expected  Re^ts 

Silicon  *^r/mcdules: 

Lon  cost 

SiHi|  process 

'IW.-/KG 

Private  industry  (Union  Carbide) 

Purification 

Si  H2CL2  PROCESS 

Semiconductor- 
grade  Si 

‘^$25. -/kg 
Semiconductor 
grmDE  Si 

GOES  INTO  PILOT  PLANT  OPERATION. 

Private  ndustry  (Hemlock 
Semiconductor  converts  existing 
S;HCl3  plant 

St«ET  Generation 

(Semi-)  Continuous 

ISOKG/CRUCIBLEi. 

Nearly  production  ready 

Automated  Cz  X-tal 

GPONTH 

15  cm  dia 

Bottleneck:  slicing 

Semicr'  stal  Si 

Loner  ccrT  than 
Czj  comparable 
performance 

Production  cost/performance 

EXPERIENCE  NEEDED. 

Bottleneck;  slicing 

Slicing 
Ribbon  grontn: 

High  throughput^ 

LON  KERF,  LON 

cost 

Little  advancement. 
Problem  aaea. 

EF6 

Lon  COST,  Cz 
COMPATIBLE  CELL 
PERFORM.*.NCE 

Pilot  production 
C..a.  EFFICIENCY  STILL 
TOO  LON 
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Tfct:HWQL.WY  IteEA 

Approach 

Expected  Results 

Status 

Heb-denorite 

Lon  cost^  Cz 

COMPATIBLE  CELL 
PERFORMANCE 

Cz  conpatible  efficiency  proven. 
Only  material  hith  internal 
getter ING. 

Pre-pilot  stage.  Production 

COST  EXPERIENCE  I^EDED. 

Hill  private  industry  go  ahead? 

Cell  Fabrication: 

Process  sinplifi- 

CATION,  BY-^W)D  *^T 
REDUCTION,  AUTONA- 
TION 

$0.5  TO  1.5AI 
nodules  of  M-171 
efficiency 

Considerable  technology  advahce- 

MENTF  HADE. 

'$10/Hp  AT  7-12X  E«ICIENCY. 
Continued  slon  progress  in 

PRIVATE  INDUSTRY. 

Stagnation  at  a price  level  of 
5-10$/Hp  AHEAD? 

nODULE  AsSEfOLY 

Better  hater ial 

SELECTION^  AUTOMA- 
TION 

DTO 

20-year  life 

DTO 

Cost/life  trade-off  uncertain. 

A Si 

Thin  c^iln  processes, 

LOH-COST  ENCAPSULA- 
TION 

<$0.5/Wp 

LIMITED  EFFI- 
CIENCY 

Research  stage. 

Production  in  Japan  for  calcu- 
lator/natch NAkKET 

ALjj6ai_jjAs/6aAs 

Single  X-tal  cells. 

Higher  efficiency 
than  Si  CELLS/ 
SUPERIOR  high 
TEMPERATURE  PER- 
FORMANCE/ BETTER 
RADIATION  RESIS- 
TANCE FOR  SPACE 
CELLS 

Pilot  line  quantities  available 
Prinarily  concentrator  and 

SPACE  CELLS. 

May  form  component  in  nulti- 

BANOGAP  SYSTEM 

Cu2S/CdS  Cells 

Thin  film  processes^ 

LON-COST  ENCAPSULA- 
TION 

< iC,5/Hp. 

LIMITED  EFFI- 
CIENCY/ LIFE 

TecIWOLOGY  BEING  ABANDONED? 

Cu2InSe/CdS  Cells 

DTO 

higher  EFFICIENCY/ 
LOIGER  LIFE  THAN 

Lu^S/CdS 

Research  stage,  may  form 

COMPONENT  IN  MULfl-BANDGAP 
SYSTcM. 

All  other  coh- 

POUND  SEHICON- 
DUCTORS 

Mostly  thin  filn 
processes 

Mostly  low  cost 

Various  levels  of  research. 
Likely  redundant  with  further 

ADVANCED  APPROACHES. 

Some  candidates  for  multi- 

BANDGAP  SYSTEMS. 

]65 


PLENARY  SESSION:  M.  WOLF 


OR>Gii'<AL  FAuc  IS 

OF  POOR  QUALITY 


Who  F uys  What  Research? 


LONG  RMI6E.  HIGH  RISK 

SHORT  RANGE.  LOW  RISK 

IN  BETWEEN 

GOVERNNENT 

MANUFACTURING  INDUSTRY 

MANUFACTURING  INDUSTRY 

GOVERNMENT 

GRADUAL  PROCESS  AOVMtCEMENT. 

SOME  THIN  FILM  APPROACHES 

Sl-CELLS:  EFFICIENCY  >201 

AUTOMATION  FOR  COST  REDUCTION. 

(how  LONG.  IF  MARKET  DOES  NOT 

(AIU) 

DEVELOP  SOON?) 

MULTI-BANDGAP  SYSTEMS 
GRAIN  BC'JNDARY  RESEARCH 

SMALL  STEPS  TO  EFFICIENCY 

THIN  FILE.  DEVICES  (?) 

IMPROVEMENT.  EXTENSION  OF 
OPERATING  LIFE 

?WH0? 

batteries/fuel  CELLS 

GRADUAL  POWER  CONOmONING 

RADICAL  PROCESS  ADVANCEMENT 
RELIABILITY  DEVE..OPMENT 
STANDARDIZATION 

MANUFACTURING  INDUSTRY 

PR'’3RESS 

A-Sl  APPROACHES 

CONCENTRATOR'^ 

FIELD  INSTALLATION 

Identifiable  Research  Needs  for  Efficiency  improvement 


SINGLE  CRYSTtI  Si  CELLS 


Goal 

Needed  Understanding 

Further  Actions 

Longer  minority 

crystal  STRUCTURE. 

Process  Control 

CARRIER  LIFETIME  Si 

ROLE  OF  IMPURITIES 

IN  CRYSTAL 

(heavy  metals?) 

ROLE  OF  COMPLEXES 
(02>  C,  STRUCTURE 

DEFECTS?) 

(ribbon)  growth 

ORIGIN  OF  DEFECTS, 
IMPURITIES 

INTRODUCTION  MECHANISM 
OF  DEFECTS,  IMPURITIES 
POTENTIAL  AND  LIMITS  OF 
GETTER  I NG 

INFLUENCE  OF  POST-GROWTH 

PROPER  post-growth 

HEATING,  LIGHT 

PROCESS  selection 
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Goal WeEPEP  (toEWSTANDiHc Further  Actions 

Single  Crystal  Si  Cells,  cowtiwuct 


EXACT  HECHANISH  PROCESS  PEVELOP- 

REQUIRENENTS  ON  PASSIV-  HENT 

ATION  LAYBtS 

MAYS  TO  MEET  REOUIREMENTS 
OPTICAL  PROPERTIES  OF 
PASSIVATION  LAYERS 

Interactions  nith  AR 

COATINGS 

effects  resulting  from 
INPIVIPUAL  processes 
(PIFFUSION«  CVD  OR  ITE 

EPI^  etc) 

*LON  TEHPERATURE*  PRO- 
CESSING FEASIBLE? 

Lifetime  maintenance 

THROUGHOUT  PROCESSES?  OR 
RECOVERY? 

SIMPLER  Process  Hethops? 

"Closep  Loop  Design”  Analysis:  all  parameters 

which  INFLUENCE  PERFORMANCE 
OR  ENTER  MOPELLING 

Lacking: 

Reliable  measurements  of 

FRONT  layer  PIFFUSION  LENGTH; 

Measurement  of: 

PIFFUSION  LENGTH  OF  MORE 
HEAVILY  POPEP  UYERS; 

EFFECTIVENESS  OF  HIGH/LOW 

junctions; 

FRONT  SURFACE  RECOMBINATION 
VELOCITY. 

Two  METHOPS  BASEP  ON  COM- 
PLETELY PIFFERENT  EFFECTS 
SHOULP  BE  AVAILABLE  FOR  COR- 
ROBORATION OF  RESULTS. 

UnPERSTANPING  of  HEAVY-DOPING 
EFFECTS  TO  ALLOW  MORE  PRECISE 
MODELLING,  ASCERTAIN  ULTI- 
MATELY ACHIEV^'JLE  EFFICIENCY. 


SURFACE  PASSIVATION 


ATTAINMENT  OF  PRE- 
DESIGNED DEVICE 
STRUCTURE 


PoLYCRYSTAL  DEVICES 

All  the  above,  plus: 

EFFECTS  OF  GRAIN  BOUNDARIES 
ON  DEVICE  PERFORM/.NCE; 

CONTROL  OF  ELECTRICAL  EFFECTS 
OF  GRAIN  BOUNDARIES 
OEVICE  DESIGN  TO  MINIMIZE 
EFFECTS  or  GRAIN  BOURNDARIES 
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Needed  Understandins  Further  Actions 


Cqm»ouhd  Sfmiconductqrs 
(INCL.  AMORPHOUS  $1 ETC) 

Au.  OF  ABOVE,  EXCEPT  FOR  GRAIN 
BOUNDARIES,  WHERE  NOT  APPLICABLE. 

Plus:  Levb.  of  existing  knowl- 
edge GENERALLY  MUCH  LONER  THAN 

FOR  Si 

Effects  of  stochiometry  devia- 
tions. 

Control  of  fabrication  processes. 


fluun-aMmsAP  systems 

All  of  above;  except  for 

GRAIN  BOUNDARY  EFFECTS,  WHERE 
NOT  APPLICABLE.  PLUS: 

Interfaces  between  cells  of 

DIFFERENT  BANDGAP  (TUNNEL- 
JUNCTIONS?) 

PROBLEMS  OF  MISMATCH  BETWEEN 
CELLS  UNDER  DIFFERING  INTENSITY, 
SPECTRAL  DISTRIBUTION  (AN), 
TETWERATURE. 
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The  Technology  Race 


Goal 


Proven  Ui'nner 
Challenger 
"Dar'k  Horse'' 


Atiribuhs  r 

— I ■ > — t — t 1 ♦ 1 ■■■■♦-  — _t_ 

Os  A All 

Q-A  A A A [i 

r — I 
I H 

I I 

^ Sialut  ol  « given  lime 

May  n»k  yei  May  he 

he  rety nixed  moving 

Cinvenied") 


'n 


Support 

Allocation 


2 


A Hurdles  (partly  recognieed) 
Zi  Stoppers  (unrecegnixed) 
lj  Perceived  Limits 
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EVALUATION  OF  ADVANCED  f.&D  TOPICS 
IN  PHOTOVOLTAICS 

SOLAR  ENERGY  RESEARCH  INSTITUTE 
T.  Surek 
Objective 


• DEVELOP  PRIORITIZED  LIST  OF  ADVANCED  RKD  AREAS 
IN  PHOTOVOLTAICS  TO  ASSURE  OPTINAL  USE  OF  LIMITED 
FUNDS. 


Approach 

• IDENTIFY  ARKD  AREAS  (SERI/JPL/sANDIA  PV  PROGRAM  MANA6ERS/RESEARCHERS< 
0MB  GUIDELINES,  SPEAC  AND  ERAB  REPORTS) 

• DEVELOP  EVALUATION  CRITERIA 

• SOLICIT  EVALUATIONS  FROM  PV  iXPERTS  IN  INDUSTRY,  UNIVERSITIES  AND 
GOVERNMENT 

• EVALUATE  RESPONSES;  IDENTIFY  REUTIVE  IMPORTANCE  OF  ARtD  AREAS; 
ALLOCATE  FUNDING 


AR&D  Areas 

• 35  ARftD  ACTIVITIES  NERE  IDENTIFIED  IN  10  MAJOR  AREAS: 

- AMORPHOUS  SILICON 
> CONCENTRATOR  CELLS 

- CRYSTALLINE  SILICON 

- HIGH  efficiency:  III-V  AND  RELATED  AREAS 

- INNOVATIVE  CONCEPTS 

- LUMINESCENT  CONCENTRATORS 

- PHOTOELECTROCHEMICAL  AREAS 

- SUPPORT  RESEARCH 

* SYSTEMS  AND  MODULES 

- 1 1 >V I AND  RELATED  AREAS 
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Evaluation  Criteria 


• CONTRIBUTION  TO  BASIC  SCIENTIFIC  UNDERSTANDING: 

VERY  LIKELY  TO  PRODUCE  SIGNIFICANT  ADVMICES^  DISCOVERIES^... 

LIKELY  TO  ADD  FUNDAMENTAL  KNONLED6E 

NOT  LIKELY  TO  ADD  NEM  KNOWLEDGE 


• POTENTIAL  IMPACT  (iN  5 YEARS  OR  MORE)  ON  FURTHER  TECHNOLOGY  DEVELOPMENT 
BY  PRIVATE  INDUSTRY: 

EXCELLENT  PROBABILITY  OF  SIGNIFICANT  IMPACT 

PROBABLE  THAT  POSITIVE  OR  INDIRECT  IMPACT  WILL  RESULT 

UNLIKELY  TO  HAVE  ANY  IMPACT 


PRIORITIES  FOR  FEDERAL  ARSD  FUNDING: 


VERY  HIGH  PRIORITY 
HIGH  PRIORITY 
MEDIUM  PRIORITY 
LOW  PRIORITY 
VERY  LON  PRIORITY 


MUST  BE  FUNDED^  REGARDLESS  OF  TOTAL  BUDGET  AVAILABLE 

SHOULD  BE  FUNDED  IF  POSSIBLE 

FUND  IF  ADEQUATE  FUNDS  EXIST 

FUND  ONLY  UNDER  HIGHEST  BUDGET 

SHOULD  NOT  BE  FUNDED 


Example 

lll-V  COMPOUND  SEWCOWDUCTOR  HATER1ALS  FOR  HIGH  EFFICIENCY  PHOTOVOLTAIC  CELLS 

THIS  INCLUDES  STUDIES  OF  NUCLEATION  AND  GROWTH,  DOPANT  INCORPORATION,  DEFECT 
DENSITY  REDUCTION,  UTTICE  MISMATCHED  GROWTHS,  STRESSED  LAYERS  AND  SUBSTRATE 
DEVELOPMENT.  MATERIALS  SHOULD  INCLUDE  BINARY,  TERNARY,  AND  QUATERNARY  III-V 
COMPOUNDS,  THIN  POLYCRYSTALLINE  FILMS  AND  THIN  FILMS  ON  REUSABLE  OR  SACRIFICIAL 
SUBSTRATES. 

CONTRIBUTION  TO  BASIC  VERY  LIKELY  LIKELY  NOT  LIKELY 

SCIENTIFIC  UNDERSTANDING 

POTENTIAL  IMPACT  ON  FURTHER  EXCELLENT  PROBABLE  UNLIKELY 

TECHNOLOGY  DEVELOPMENT  BY 
PRIVATE  INDUSTRY 

PRIORITY  FOR  FEDERAL  ARftD  ERY  HIGH  HIGH  MEDIUM  LOW  LOWEST 

COMMENTS: 
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Evaluation  Summary 

9 62  RESHMSES  WERE  RECEIVED  FROH  PV  EXPERTS  IN  INDUSTRY,  UNIVERSITIES 

AND  60VERNHENT: 

- 29  INDUSTRY 

9 UNIVERSITY 

- 24  GOVERNMENT 

• NORMALIZED  S:;ORES  MERE  CALCULATED  BY  ASSIGNING  VALUES  TO  QUALITATIVE 
ratings;  areas  mere  rank-ordered  FOR  EACH  EVALUATION  CRITERION 

• FOLLOWING  CHARTS  SHOW  RANKINGS  (1^^  THROUGH  OF  ARSD  AREAS  FOR 

THE  THREE  EVALUATION  CRITERIA 


Amorphous  Silicon 

SCIENTIFIC 

VALUE 

TECHNOLOGY 

IMPAQ 

FUNDING 

PRIORITY 

light  INDUCED  CHANGES  IN  AMORPHOUS 
SILICON  AND  EFFECTS  0.1  SOUR  CELL 
STABILITY 

1 

2-3 

1 

INTERFACE  PROBLEMS  ASSOCIATED  WITH 
AMORPHOUS  SILICON  PHOTOVOLTAIC  DEVICES 

11-12 

2-3 

4 

DEPOSITION  METHODS  FOR  AMORPHOUS  FILMS 

11-12 

1 

2 

MATERIAL  CHARACTERIZATION  AND 
THEORETICAL  UNDERSTANDING  OF  THIN 
FILM  AMORPHOUS  MATERIALS 

2 

7 

3 

NEW  AMORPHOUS  MATERIALS 

8-9 

9-10 

15 

Concentrator  Cells 

SCIENTIFIC 

VALUE 

TECHNOLOGY 

inPAa 

FINDING 

PRIORITY 

CONCENTRATOR  CELL  OPTIMIZATION 

28 

21 

20 
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Crystalline  Silicon 


SCIEHTIFIC 

VALUE 

TECHNOLOGY 

IMPACT 

FUNDING 

PRIORITY 

DEFECT  PASSIVATION  AND  HATERIALS 
MODIFICATION  FOR  POLYCRYSTAl LINE 
SILICON 

10 

8 

12 

BASIC  MECHANISMS  IN  POLYCRYSTALLINE 
SILICON 

6 

15-16 

10-11 

CELL  PHYSICS  IN  CRYSTALLINE  SILICON 

15-17 

15-16 

14 

SILICON  SOURCE  MATERIAL  RESEARCH 

29 

17-18 

22 

SILICON  MATERIAL  GROWTH 

21 

4 

18-19 

High  Efficiency: 

Ill-V  and  Related  Areas 

SCIENTIFIC 

VALUE 

TECHNOLOGY 

IHPAa 

FUNDING 

PRIORITY 

Ill-V  COMPOUND  SEMICONDUCTOR  MATERIALS 
FOR  HIGH  EFFIC'ENCY  PHOTOVOLTAIC  lELLS 

<1 

12 

6-7 

FUNDAMENTAL  STUDIES  IN  III-V  COMPOUND 
SEMICONDUCTOR  MATERIALS  AND  SOUR  CELLS 

3 

19 

10-11 

STRUCTURAL  ELEMENTS  OF  HIGH  EFFICIENCY 
PHOTOVOLTAIC  CELLS 

15-17 

6 

5 

Innovative  Concepts 

SCIENTIFIC 

VALUE 

TECHNOLOGY 

IMPACT 

FUNDING 

PRIORITY 

NEW  CONCEPTS 

W 

13-14 

8 

ORGANIC  MATERIALS  AND  DEVICES 

13 

29 

30 
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Luminescent  Concentrators 


SCIENTIFIC 

VALUE 

TECHNOLOGY 

IMPACT 

FUNDING 

PRIORITY 

PHOTOCHEMICAL  RESEARCH  ON 
LUMINESCENCE  IN  SOLIDS 

19 

33-3A 

31-32 

luminescent  CONCENTRATORS 

27 

33-34 

31-32 

Photoelectrochemical  Areas 

SCIENTIFIC 

VALUE 

TECHNOLOGY 

IMPACT 

FUNDING 

PRIORITY 

FUNDAMENTAL  PHOTOELECTROCHEMICAl  PROCESSES 

8-9 

30-31 

26-27 

POLYCRYSTALLINE  THIN  FILMS  FOR  PHOTOELECTRO- 
CHEMICAL SOLAR  CELLS 

22-23 

28 

28 

PHOTOELECTROCHEMICAL  CELL  STABILITY 

20 

30-31 

26-27 

OTHER  RESEARCH  IN  PHOTOELECTROCH.MICAL  CELLS 

26 

32 

34 

PHOTOELECTROCHEMICAL  STORAGE 

18 

24-25 

21 

Pupport 

Research 

SCIENTIFIC 

VALUE 

TECHNOLOGY 

IMPACT 

FUNDING 

PRIORITY 

ENCAPSUUNT  RE;.EARCH 

?A 

9 10 

16-1? 

INSOLATION  RESOURCE  AS.  IbNT 

30 

24-25 

24 

MEASUREMENTS  AND  CHARACTERIZATION 

25 

5 

6-7 

METALLIZATION  RESEARCH 

22-23 

17-18 

16-17 
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System  ns  and  Modules 


SCIENTIFIC 

VALUE 

TECHNOLOGY 

IMPACT 

FUNDING 

PRIORITY 

FLAT  PLATE  NODULE  RESEARCH 

13-lA 

23 

CONCENTRATOR  NODULE  RESEARCH 

33 

23 

25 

ADVANCED  PHOTOVOLTAIC  SYSTEMS  RESEARCH 

32 

22 

29 

FRESNEL  LENS  RESEARCH 

ib 

27 

33 

n - VI  and  Related  Areas 

SCIENTIFIC 

VALUE 

TECHNOLOGY 

IMPACT 

FUNDING 

PRIORITY 

RESEARCH  ON  COPPER  INDIUM  DISELENIDE 

(CuInSe2)  cell  structures  and 

FABRICATION 

15-17 

11 

9 

BASIC  STUDIES  IN  COPPER  INDIUM 
DISELENIDE  (CuInSE2> 

5 

20 

13 

CONTINUED  RESEARCH  ON  CdS/CU2S 

31 

35 

35 

ALTERNATE  POLYCRYSTALLINE  THIN  FIIM 

7 

26 

18-19 

PHOTOVOLTAIC  MATERIALS 

Conclusions 

• RAR^INOS  MERE  GENERALLY  CONSISTENT  AMONG  THE  TMREE  GROUPS  OF  RESPONDEEK 

• 'CONTRIBUTION  TO  BASIC  SCIENTIFIC  UNDERSTANDING*  MAS  RA'ED  HIGHEST  IN 
HIGH-RISK  AREAS 

• "POTTMTIAL  IMPACT  ON  FURTHER  TECHNOLOGY  DEVELOPMENT  BY  PRIVATE  INDU-fPY* 
MAS  ASSOCIATED  MITH  NEAR-TERM  TECIWOLOGIES 

• 'priorities  for  FEDERAL  ARtO  FUNDING*  MERE  HIGHEST  IN  AREAS  NOT  MIDELY 
ADDRESSED  BY  INDUSTRY 

• COPIES  OF  EVALUATION  RESULTS  ARE  AVAILABLE  ON  REQUEST 
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FLAT-PLATE  COLLECTOR  RESEARCH  AREA 

V- 

Silicon  Mdtoridi  Tdsk  r.  Lutwack,  Chairman 

Reports  of  progress  in  research  on  processes  for  making  silicon  (Si)  and 
in  supporting  studies  were  presented  by  three  contractors  and  JFL. 

Union  Carbide  Corp.  reviesred  its  research  on  silane  decomposition  in  a 
fluir ized-bed  reactor  (FBR)  process  development  unit  (FDU)  to  make 
semi < >nduc tor-grade  Si*  The  PDU,  reactivated  in  late  1981  after  having  been 
shut  down  in  May  1981  because  of  funding  recisions,  was  modified  by 
installation  of  a new  heating  system  to  provide  the  required  temperature 
profile  and  better  control,  and  testing  was  resumed.  In  one  test,  at  6*3Z 
silane  concentration,  lOOZ  conversion  to  Si  was  achieved. 

Solarelectronica,  Inc.,  reported  on  its  investigation  of  a process  for 
making  trichlorosilane  by  che  hydrochlorination  of  metallurgical-grade  Si  and 
silicon  tetrachloride.  Fabrication  and  installation  of  the  test  system 
employing  a new  2-in.-dia  reactor  was  completed,  and  tests  were  conducted  to 
compare  reactor  performance  with  that  of  the  earlier  l-in.-dia  reactor.  Good 
agreement  was  obtained.  A corrosion  test  was  also  carried  out  on  various 
candidate  materials  of  construction  for  the  reactor.  All  samples  tested 
showed  a %ieight  gain,  attributed  to  formation  of  metal  silicide  films  that 
prevent  further  corrosion. 

Hemlock  Semiconductor  Corp.  described  progress  in  the  program  to  develop 
a process  that  converts  trichlorosilane  to  dichlorosilane  (DCS),  which  is 
reduced  by  hydrogen  to  make  Si  by  a chemical  vapor  deposition  step  in  a 
Siemens-type  reactor.  Testing  of  the  DCS  PDU  integrated  with  Si  deposition 
reactors  continued,  and  semiconductor-grade  Si  is  being  made.  It  was  found 
that  hydrogen  chloride  can  be  used  after  a deposition  run  to  remove 
selectively  the  Si  deposited  on  the  inside  surfaces  of  the  reactor  bell  jar, 
thereby  preventing  deposit  build-up  and  bell- jar  breakage. 

In  the  JPL  in-house  program  on  conversion  of  silane  to  Si  in  an  FBR, 
experiments^  in  a 2-in.-dia  reactor  to  define  the  operating  window  and  to 
investigate  the  Si  deposition  kinetics  were  completed.  Even  with  silane 
concentration  as  high  as  63Z  in  hydrogen,  excessive  formation  of  Si  fines  as 
well  as  bed  agglomeration  can  be  prevented  by  proper  choice  of  operating 
conditions . 
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ORIGINAL  PAGE  IS 

SILICON  MATERIAL  -^ASK  qP  pOO„  quauTY 

SILANE-TO-SILICON  PROCESS 

UNION  CARBIDE  CORP. 


TCCNNOLOWY 

REPORT  DATE 

P0LYCRY81ALUNE  SILICON  R<0 

APRN.St  ,I9BE 

AFPMOAON 

STATUS 

SILANE  OCCOMPOSrrXNI  HI  A FLUIO 
BED  REACTOR  TO  MAKE  8EMICONOUCTOR- 
BRADE  POLYSILICON 

• FLINO  BED  REACTOR  POU  WAB 
MOOriEO  WITH  A NEW  HEATINB 
SYSTEM 

OONTR ACTOR 

UNION  CARBIDE  CORPORAflON 

• PDU  IS  OPERATIONAL  C EXPERIMENTS 
ARE  IN  PROBESS 

fOALi 

• INVESTIBATE  PROCESS  FEASIBILITY 

• DETERMINE  OPERATMB  WINDOW 

• DEMONSTRATE  STEADY  STATE 
OPERATION 

• DEMONSTRATE  SILICON  PURITY 
FOR  PV  APPLICATION 

1 -----  - - — 1 

Fluid-Bed  Silane  Decomposition  R&D  Summary 

• • - INCH  OIAMETER  FLUIO  BED  POU  WAS  ASSEMBLED  < STARTED  UP  IN  EARLY  I9BI 
UNDER  PREVIOUS  CONTACT -PHASE 

• R <0  WORK  WAS  TEMPORARILY  SUSPENDED  < REACTIVATED  W I9SI 

• PDU  MODIFICATIONS  INVOLVING  INSTALLATION  OF  A NEW  HEATINB  SYSTEM 
WERE  COMPLETED 

• FLUIDIZATION  t BED  HEATINB  TESTS  IN  HYOROBCM  ATMOSPHERE 
WERE  CONDUCTED 

• PDU  WAS  RESTARTED  WITH  SILANE  S EXPERIMENTAL  RUNS  HAVE  BEEN  CONDUCTED 
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SILICON  MATERIAL  TASK 


FBR  Temperature  & Pressure  Tap  Locations 


Tt 


NOTE: 

TI  - TENPEWTURE  ELEKNT 
PCX  - PRESSURE  OirEERENTIAL 


TEHPfRATURt 


SILICON  MATERIAL  TASK 


ORIGINAL  F.'GZ  IS 

FBR  Test  Temperature  Profile  OP  POOR  Q'JALITY 


0 8 16  24  32  40  48 

INCHES  FW  TOP  OF  OTNAPORE 


Problems  and  Concerns 

• «AS  (MSTf^ieUTOR  OVER-HEATINR  C.  PLUOttlNtt 

• A«flLOMERAT(ON  OF  SILICON  PARTICLES  IN  FLUID  RED  REACTOR 

• INSUFFICIENT  NED  NEIRHT  IN  THE  CURRENT  POU 

• POSSIRLE  SILICON  CONTAMINATION  DUE  TO  IMPURE  FEED/'lMPROPER 

MATERIALS 
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SILICON  MATERIAL  TASK 


Plans 

• FINISH  CURRENT  EXPERIMENTS  TO  DETERMINE  OPERATING 
WINDOW. 

• CONDUCT  LONG  RUN  TO  INVESTIGATE  STEADY  STATE 
OPERATION. 

• EVALUATE  PARTICLE  GROWTH  RATE  & MORPHOLOGY. 

• PROVIDE  SAMPLES  TO  JPL  FOR  ANALYSIS. 
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SILICON  MATERIAL  TASK 


OF  POOR  QUALITY 


HYDROCHLORINATION  PROCESS 

SOLARELECTRONICS,  INC. 


TECHNOLOGY  REPORT  DATE 

POLYCRYSTALLINE  SILICON  METAL  APRIL  11,  1982.  20th  PIM 


STATUS  JPL  CONTRACT  NO.  956061 

(JULY  9,  1981  - JULY  8,  1982.) 

3 SiClj,  + 2 H2  + Si  = A S1HCL3 


APPROACH 

HYDROCHLORINATION  OF  METALLURGICAL  GRADE 
SILICON  TOGETHER  WITH  SILICON  TETRACHLORIDE 
AND  HYDROGEN  TO  FORM  TRICHLOROSILANE  FOR 
PRODUCING  SILICON  METAL 
CONTRACTOR 

SOLARELECTRONICS,  INC. 


GOALS 

I TO  CARRY  OUT  A BASIC  RESEARCH  PROGRAM  ON 
THE  HYDROCHLORINATION  REACTION  OF  SiCl^, 

• REACTION  KINETICS  MEASUREMENTS:  AS  A 
FUNCTION  OF  T,  P AND  C 

• EFFECT  OF  PRESSURE 

• REACTION  MECHANISM:  STEP-WISE  REACTION, 
INTERMEDIATE  AND  BY-PRODUCT 

• CORROSION  MECHANISM  OF  METALS  AND  ALLOYS 
IN  THE  HYDROCHLORINATION  REACTION 
ENVIROHENT. 


• NEW  TWO  INCH  REACTOR  OPERATIVE;  RESULTS 
CHECKED  OUT  WITH  PREVIOUS  EXPERIMENTS 

• EFFECT  OF  PRESSURE:  HIGHER  PRESSURE 
GIVES  A HIGHER  S1HCL3  CONVERSION  BUT  AT 
A SLOWER  REACTION  RATE 

r HCl  ANALYSIS:  0.1  - 0.5X  HCl  PRESENT 

• CORROSION  TESTS:  CARBON  STEE! , NICKEL, 
COPPER,  STAINLESS  STEEL,  INCOLOY  800H, 
HASTELLOY  B-2 

• CORROSION  MECHANISM  STUDY:  THE  NATURE  OF 
THE  SILICIDE  PROTECTIVE  FILM,  ELEMENTAL 
ANALYSIS,  SEM  ANALYSIS 

• MILESTONE  CHECK  POINT,  PROGRAM  REVIEW, 
REVISED  PROGRAM  PLAN. 
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SILICON  MATERIAL  TASK 


OF  POOR  QUALITY 


HCI  Analysis  in  the  Hydrochiorination  of  SiCl4 

AT  500*C,  300  PS16  AND  H2/Sia(,  RATIO  OF  2.0 


SAMPLE 

NO. 

RESIDENCE  TIME 
SECOND 

REACTION  PRODUCT  COMPOSITION, 
HCl  S1H2CL2  SiHCl, 

AREAX 

SiCli 

A 

207 

0.5970 

0.7512 

32.66 

64.04 

B 

207 

0.5875 

0.7611 

31.64 

66.  oj 

1 

96 

0.1235 

0.4878 

26.69 

71.98 

2 

96 

0.1388 

0.5163 

26.75 

71.92 

3 

138 

0.3326 

0.7%1 

31.75 

66.57 

4 

138 

0.4343 

0.3325 

31.84 

66.80 

5 

207 

0.5962 

0.7303 

31.95 

65.82 

6 

207 

0.5735 

0.8337 

31.93 

66.05 

Corrosion  Tests  on  Metals  and  Alloys 

( 87  HOURS  8 500*C,  300  PSI6,  H2/S1CL4-  2.0) 

f€TALS,  ALLOY-'  APPROXIMATE  COMPOSITION 


CARBON  STEEL 

NICKEL 

CC'PPER 

STAINLESS  STEEL  (TYPE  30A) 
ALLOY  ttOO  (MONEL) 

INCOLOY  800H 
HASTELLOY  B-2 


BASICALLY  IRON,  + 95X  Fe 

PURE 

PURE 

68X  Fe,  19X  Cr,  lOX  Ni,  2X  Mn,  IX  Si 
2/3  NICKEL,  1/3  COPPER 
45X  Fe,  30X  Hi,  23X  Cr,  IX  Mn,  0.6X  Si 
68X  Ni,  28X  Mo,  2X  Fe,  iX  Ck,  IX  Mn 
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SILICON  MATERIAL  TASK 


Corrosion  Test  on  Pure  Nickel,  87  Hours 


AT  500’C,  300  PSI6  AMD  H2/SiCl<,  OF  2.0 


SAMPLE 

NO. 

DISTANCE 

FROM 

GRID  PLATE 
INCH 

TOTAL 

SURFACE 

AREA 

WEIGH  BEFORE 
REACTION 
6. 

WEIGH  AFTER 
REACTION 
G. 

WEIGH 

GAIN 

M.G. 

WEIGH  GAIN 
PER  UNIT  AREA 
M.G./CM^ 

1 

31.3 

20.4 

4.8807 

4.9017 

21.2 

1.04 

2 

28.0 

20,7 

4.9450 

4.9676 

22.6 

1.09 

3 

23.2 

19.7 

4.7197 

4.7576 

37.9 

1.92 

A 

20.0 

20.8 

4.9888 

5.0921 

103.3 

4.97 

5 

16.2 

20.3 

4.8710 

5.0639 

192.9 

9.50 

6 

13.0 

20.4 

4.8850 

5.1481 

261.3 

12.8 

7 

9.5 

20.8 

4.9803 

5.3098 

329.0 

15.8 

8 

6.2 

20.3 

4.8638 

5.2190 

355.2 

17.5 

9 

2.5 

20.8 

4.9680 

5.2502 

282.2 

13.6 

• THE  SILICON  METAL  BED  IS  ABOUT  18  INCHES  HIGH. 

NOTE:  UNLIKE  INCOLOY  800H  AND  STAINLESS  STEEL,  THE  SILICIDE  FILM  ON 
PURE  NICKEL  IS  NOT  REACTIVE  TOWARD  AIR  AND  MOISTURE 


OF  POOIl  QUaU4^ 
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SILICON  MATERIAL  TASK  OF  POOR  QUALITY 


AREA 


i<MT4*Sion  lost 


on  ln>.'oK'V  80011:  J.18  h ai  SOO'V,  U10  aslg.  - : 

Sl'^1  Analvsls  v'l  Oross-Sin't  li'ual  Aroa 
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SILICON  MATERIAL  TASK 


* •*.»  j 


Corrosion  Mechanism  Study 


FOftrWTION  OF  M SIUCiOE  PROTECTIVE  FUJI:  OCHICAL  REAaiQNS 

(1)  CHEMICAL  VAPOR  DEPOSITION  OF  SILICON  ^ , o 

A SiHa3  - 3 SiCli,  ♦ 2 H2  ♦ Si  » 

(2)  REACTION  WITH  Ha 


(SiHa3)^(H2)^(Si)‘ 

(SiC'^)** 


3 HCl 

+ 

Si 

It 

S1HCL3 

6 HCl 

2 Fe 

= 5H2 

♦ 2 FEa3 

2 Ha 

Ni 

= H2  ♦ 

N1CL2 

6 HCl 

+ 

2 Cr 

= 3H2 

♦ CRa3 

(3)  REACTION  OF  METAL  CHLORIDE  WITH  SILICON 

FeCl3 

+ 

Si 

= SiCL;, 

+ FEa2 

FeCl2 

+ 

Si 

= SiClj, 

+ Fe/Si 

N1CL2 

Si 

= SiCl|| 

♦ Hl/Si 

CrClj 

Si 

= SiCL;, 

+ Cr/Si 

QUESTION:  INCOLOY  800H, 

87  HOURS  = 

1.78  H.6./Ch2 

VAPOR  PRESSURE 
OF  NETAL  CHLORIDE 


SILICIDE  FILM 

A STEADY  STATE  EOUILIBRIUH  ? 


FORMATION  OF  THE  SILICIDE  PROTECTIVE  FILM:  PHYSICAL  PROCESS 

(1)  MELTING  POINTS  OF  THE  BASE  METAL 

Cu  - 1083*,  Mn  = 1260*,  Si  - W20*,  Ni  = 1455*,  Fe  = 1535*, 

Cr  = 1890*,  Ho  = 2620* 

(2)  METAL-SILICON  PHASES  (SILICIDES) 

CU3S1  558*,  802*  VERSUS  REACTION 

Ni3Si2  845*,  964*;  NiSi  992*  TEMPERATURE  = 500* 

CU3N1  1185* 

FE5S13  825*,  1030*;  FeSi2  1220* 

MN30I  1075*;  MnSi  1275* 

CrSi2  1550*;  CrSi  1600* 

H0S12  1870*;  H03S12  2190* 

Cr,  Mo  SILICIDES  ARE  FORMED  AT  HIGHER  TEMPERATURES  THAN  THOSE 
OF  Cu,  Ni.  THIS  MAY  EXPLAIN  THE  LARGE  DIFFERENCES  ON  THE 
AMOUNT  OF  Si  DEPOSITED  ON  THE  TEST  SAMPLES. 
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SILICON'  MATERIAL  TASK 


ORi^i- *-^L  IS 

OF  POOR  QUALITY 

Corrosion  Test  Results:  Weight  Gain  by  Test  Samples 

( 87  HOURS  AT  SOO'C,  300  PSI6,  H2/SiCLi,  - 2.0  ) 


^ ALS,  ALLOYS 

TOTAL 

SURFACE  AREA 

oi^ 

NEIGH  BEFORE 
REACTION 

G. 

HEIGH  AFTER 
REACTION 

G. 

HEIGH 

GAIN 

N.G. 

HEIGH  GAIN 
PER  UNIT  AREA 

M.G./CM? 

mm  sTEa 

15.6 

3.6100 

3.7435 

133.5 

8.56 

pum;  nickel 

20.8 

4.9808 

5.3098 

329.0 

15.8 

WH’  COPPER 

23.1 

8.2623 

8.5986 

336.3 

14.6 

ALL  lY  400  (HONED 

31.2 

21.3429 

21.4448 

101.9 

3.27 

S.St.  (TYPE  304) 

20.0 

12.2397 

12.2972 

57.5 

2.88 

INCOLOY  80QH 

28.7 

13.4049 

13.4561 

51.2 

1.78 

HASTELLOY  B-2 

32.2 

23.1987 

23.2417 

43.0 

1.34 

QUESTION:  MIU  THE  SUICIDE  FIIK  CONTINUE  TO  GROW  ? 


Corrosion  Mechanism  Study 


IS  THERE  AN^  '.ORROSION  ? 


(i)  THE  SILICIDE  PROTECTIVE  FILH 

• ALL  TEST  SAMPLES  SHOM  A HEIGH  GAIN 

• A SILICIDE  FILM  IS  FORMED  ON  THE  SURFACE  OF  ALL  TEST  SAMPLES 

• NJ  SIGNIFICANT  CORROSION  IS  EXPECTED  WITH  A STABLE  SILICIDE 
PROTECTIVE  FILM 

;2)  SCALING-  "^LIMITED  GROWTH  OF  THE  SILICIDE  FILM 

• THICK  SILICIDE  SCALE  CAN  WEAKEN  THE  REACTOR  HALL  DUE  TO  THE 
lOOR  MECHANICAL  PROPERTY  OF  SILICIDES 

• A THICK  SILICIDE  SCALE  CAN  BE  BROKEN  OFF  DUE  TO  MECHANIML 
AND  THERMAL  STRESS  - ERROSION  BY  SCALING 


CASE  I NICKEL:  110  MICRONS  FILM  AFTER  87  HOURS,  CA.  SOX  NICKEL 
0.S  , 565  , 2.  X 110  « 10-^  . 

87  X 2.5A  X 10*5 

II  INCOLOY  800H:  238  HOURS,  SILICIDE  FILM  WITH  8.6  MICRON  BASE  METAL 
365  X 24  X 8.6  x 10*^ 


238  X 2.54  X 10*5 


12  MILS/YEAR 
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SILICON  MATERIAL  TASK 

OKiGiii^AL  IS 

OF  POOR  QUALITY 

CONaUSION: 

(1)  NECHANISN 

• CHENICAL  VAPOR  DEPOSITION  OF  Si 

> INTERACTION  OF  Si  WITH  BASE  NETALS  - CHENICAL  PROCESS 

• INTERACTION  OF  Si  WITH  BASE  NETALS  - PHYSICAL  PROCESS 

• DEVELOPICNT  OF  NETAL-SILICON  PHASES 

• FORNATION  OF  THE  SILICIDE  FILN  OF  CONPLEX  CONPOSITION 

• ALLOYS  WITH  HIGH  Ni,  Cr.  No  CONTENTS  DESIRABLE 

(2)  FURTHER  EXPERINENTAL  STUDIES  RECONNENDED 

• TINE  DEPENPfcNCY:  GROWTH  OF  THE  SUICIDE  FUN  AS  A 
FUNCTION  OF  TINE,  UNITED  OR  UNLINiTED  GROWTH, 

• GROWTH  OF  THE  SUICIDE  FILN  AS  A FUNCTION  OF  TENPERATURE  - 
ACCELERATED  TEST  AT  HIGHER  TENPESATURES,  UPPER  TENP.  LINIT, 

• COHPOSITIONS  OF  THE  BASE  ALLOYS. 


Other  Forms  of  Corrosion  to  Consider 


CORROSION  NECHANISN  OF  NETAL  ALLOYS  IS  BY  FAR  A ELEURO-CHENICAL  PROCESS  IN  THE 
PRESENCE  OF  A ELECTROLYTE,  SUCH  AS,  WATER.  IN  THIS  OXYGENATED  ENVIRONENT  (ACID 
OR  BASE),  THE  ALLOY  RELIES  ON  A STABLE  OXIDE  FUN  FOR  PROTECTION.  THE  STABLE 
NICKEL  AND  CHRONIUN  OXIDE  FUN  IS  THE  BASIS  FOR  THE  CORROSION  RESISTENCE  OF  NANY 
Hj,  Cr  BASED  ALLOYS.  STILL  NORE  STABLE  OXIDE  FILMS  ARE  THOSE  OF  TITANIUM, 
ZIRCONIUM  AND  TANTALUM.  THE  PROTECTIVE  MECHANISM  IS  DIFFERENT  FROM  THAT  OF  THE 
SILICIDE  PROTECTIVE  FILM  FORMED  UNDER  THE  HYDROCHLORINATION  REACTION  ENVIRONENT, 
WHICH  DOES  HOT  APPEAR  TO  INVOLVE  THE  PRESENCE  OF  AH  OXIDE  FUN. 


Potential  Corrosions  Other  Than  the  Reaction  Environment 


(1)  MANUFACTURING  PROCESS;  METALLURGICAL  HISTORY  OF  THE  METAL  ALLOY 

('>)  FABRICATION:  MECHANICAL  AND  THERMAL  PROCESS  (FORMING,  WELDING,  ETC.) 

'SENSITIZATION*  OF  AUSTENITIC  STAINLESS  STEEL:  PRECIPITATION  OF  CHROMIUM 
CARBIDE  (CR23Ce>  AND  DEPLETION  OF  CHROMIUM  AT  GRAIN  BOUNDARY  BY  HEATING. 

(3)  TESTING,  STORAGE,  TRANSPORTATION:  CONTAMINATION 

(4)  ATMOSPHERIC  ENVIROMENT:  PLANT  ENVIROMENT  IS  CORROSIVE  (HCl,CHLORIDE  PRESENT) 

'CHLORIDE  STRESS  CORROSION  CRACK'  OF  STAINLESS  STEEL  DUE  TO  INTERGRANULAR 
ATTACK  BY  CHLORIDE  ACCELERATED  BY  INTERNAL  STRESS  (3161.  OR  HIGH  Ni) 

(5)  HIGH  TEMPERATURE  ENVIROMENT:  OXIDATION,  CHLORIDE,  SULFUR  (GAS-FIRED) 

(6)  SERVICE,  REPAIR:  SUICIDE  PROTECTIVE  FILM  IS  REACTIVE  TOWARD  MOISTURE. 


194 


SILICON  MATERIAL  TASK 


o;i:c::!AL  !S 

OF  POOR  QUALITY 


Optimum  Material  of  Conatruction  for  the  Reactor 


(1)  CARBON  $mi  POOR 

• P01ENTIAL  PROBLERS:  HYDROGEN  EIDRITTLEICNT,  SCALING 

• LOH  CORROSION  RESISTENCE  IN  GENERAL 

• LONER  COST 

(2)  STAINLESS  STEEL:  GOOD 

• SATISFACTORY  UNDER  THE  HYDROCHLORINATION  REAaiQN  ENVIROIENT 

• GOOD  CORROSION  RESISTENCE  IN  GENERAL^  CHLORIDE  STRESS  CORROSION  CRACK 
« NEDIUN  COST 

(3)  HIGH  NICKEL^  CHRQHIUN^  NOLYBDENUN  ALLOYS:  BETTER 

• GOOD  CORROSION  RESISTENCE  AU-ROUND 

• HIGH  CREEP  RESISTENCE  (STRENGTH  AT  HIGH  TEMPERATURES) 

• HIGHER  COST  pRICf 

APPROXIHATE  CONPOSITION  CORRECTED  FOR 


ALLOYS 

Ni 

Cr 

No 

Fe 

Co 

Ml 

St 

t/LB. 

DESIGN  STRENGTH 

S.ST.(TYPE  316L) 

12 

17 

2.5 

66 

- 

1.5 

0.5 

2.09 

1.00 

INCOLOY  800H 

31 

22 

- 

95 

- 

1.0 

0.6 

- 

- 

HASTELLOY  G 

20 

22 

6 

36 

2.5 

1.5 

0.5 

7.86 

2.65 

HAYNES  ALLOY  625 

62 

22 

9 

5 

1.0 

0.5 

0.5 

11.37 

3.11 

HASTELLOY  B-2 

67 

1 

28 

2 

1.0 

1.0 

- 

18.95 

5.18 
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SILICON  MATERIAL  TASK 


DICHLOROSILANE  CVD  PROCESS 

HEMLOCK  SEMICONDUCTOR  CORP. 


TICHNOIOOV  tmtT  DATf 

PQLYCRYSTALLilC  SILICON  APRIL.  1982 

APPROACH  I STATUS 

OCNICAL  VAPOR  DEPOSITION  OF  POLY-  • S*  8 REDISTRIBUTION  REACTOR  EVAUATIQN 

SILICON  FRON  DICHLOROSILANE  (DCS)  OOlClETEO 


CONTRACTOR 


CATM.YST  LIFE  >9SX  0RI6IML  CAPACITY 
AFTER  2 NORTHS  OPERATION  AT  CAPACITY 


ICM.OCX  SEMICONDUCTOR  CORPORATION 

GOALS 

• ESTABLISH  PROCESS  FEASIBILIH  THROUGH 
LABORATORY  EXPERIMENTS  MD  COMPONENT 
TESTING 


QUARTZ  TUBE  DEPOSITION  REACTOR 
CONSTRUCTION  CORPLETEO 

HO.  ETCH  LUCS  INSTALLED  TO 
INTERICOIATE  REACTOR 


. INVESTIGATE  CRITICAL  ELEICNTS  OF  PROCESS  • MODEL  110  REACTOR  STARTED  UP  AM) 

VIA  OPERATION  OF  PROCESS  OEVaOPICNT  UNIT  EVM.UATION  IN  PROGRESS 

• PaYSILICON  PRICE  OF  LESS  THAN  121/KG  • SILICON  PURITY  FRON  REDISTRIBUTED  TCS 

(1980  S,  1000-Nr/YR.  20X  ROD  AM)  PURITY  IS  SEMICONDUCTOR  GRADE  QUALITY 
APPROACHING  OR  EQUMJ.IN6  SEMICONDUCTOR- 
GRADE  PQLYSILICON 


196 


SILICON  MATERIAL  TASK 


or!g;i':a--  '■  -2/ 

OF  POOR  QuALiiY 


Schedule  of  Effort  by  Phases 


Oct.  1979 


Time  (Mo. ) 


June  25,  1981 


Feasibility /EPSDU 
Preliminary  Design 


Redistribution  Rx 
and  Decomposition 
Rx  PDU  Evaluation 


SILICON  MATERIAL  TASK 


ott;G;rvAL  pace  is 

OF  POOR  QUALITY 


Activities 

•PDU  START  UP 
•POU  CLEAN  UP 

•POU  START  UP  AND  OPERATION 

•EVALUATION  OF  5*  DIAMETER  REDISTRIBUTION  REACTOR 

•QUARTZ  TUBE  DEPOSITION  REACTOR  CONSTRUCTED 

•INTERMEDIATE  REACTOR  OPERATION  USING  OICHLOROSIIANE 
FEED  STOCK  WITH  POST  HCl  ETCH 

•POLYCRYSTALLINE  SILICON  PURITY  EVALUATION 
(BORON.  DONOR.  CARBON) 

•START-UP  OF  MODEL  IlD  01 CHLOROSILANE  DECOMPOSITION 
REACTOR 

•SAMPLES  OF  DCS  POLYSILICON  SENT  TO  JPL  AND 
WESTIN6H0USE  FOR  EVALUATION 

December  Shutdown 

Scheduled  shutdov^n 
before  Christmas 

Flush  system  with  TCS 

Purge  out  with  Nitrogen 

Pressure  with  Nitrogen 
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SILICON  MATERIAL  TASK 


OF  POOR  QUALITY 

Startup  Problems 


PROBLEM:  Filter  plugging 

t 

CAUSE:  Catalyst  support  screen 

separated  from  plate 

ACTION:  Redesign  support  plates 

Dual  filter  system 


XX  MAJOR  CLEAN  UP  EFFORT  xx 


DCS  PDU  Flow  Diagram 
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SILICON  MATERIAL  TASK 


PDU  Cleanup 


ORIGINAL  PAGE  IS 
OF  POOR  QUALITY 


PDU  pressure  checked  S 
purged  out  with  nitrogen 

Redistribution  reactor  repacked 
with  DOWEX 

Steam  tracing  turned  on  column  S 
purged  out  with  nitrogen 

Moisture  check  showed  no  sign  of  water 


PDU  Startup  Plan 

Load  in  new  DDWEX  catalyst 
3/9 

Purge  with  hot  nitrogen 
3/9  to  3/10 

Start-up 

3/11 


Safety  review  for  Model  11  reactor 
S updated  SOP  for  PDU  complete 


SILICON  MATERIAL  TASK 


FAGS  ?S 
OF  POOR  QUALITY 

Si  Production  by  DCS  Decomposition 

A.  OICHLOROSILANE  PRODUCTION 
(CATALYZED  CEO  I STR I BUT  I ON  OF  TRICHLOROSILANE) 

2 S I HCL3  ^ ^ S I H2CL2+S I CLi» 

i 

i 

1 

! B.  SILICON  PRODUCTION 

(OICHLOROSILANE  DECOMPOSITION) 

SiH2CL2+H2 »*Si+H2/  HCl,  S1H2CL2'  SiHCL3»  S1CL4 

C.  TRICHLOROSILANE  PRODUCTION 
(HYDROGENATION  OF  SILICON  TETRACHLORIDE) 
SiCh»+H2+Si^5  ■ .Si  SiHCL3+H2*SiCL4 

PDU  Objectives 

•DCS  PRODUCTION  70  LB/HR 

•REDISTRIBUTION  CONVERSION  >10X;  DETERMINE 
TEMPERATURE  AND  RESIDENCE  TIME  TO  ACHIEVE 
THIS 

•PRESSURE  DROP  VS.  VELOCITY  IN  CATALYST  BED 

•CATALYST  LIFE  >90X  ORIGINAL  CAPACITY  AFTER 
2 MONTHS  OPERATION  AT  CAPACITY 

•DETERMINE  IF  CATALYST  MIGRATION  OCCURS 


SILICON  MATERIAL  TASK 


OF  POOR 


5‘in.-Dia  Redistribution  Reactor 


PDU  Conditions  at  Capacity 


60°c 

60  PSI6  82  t/HR 


3%  DCS 
97%  TCS 


6%  DCS 
82%  TCS 
12%  STC 


SILICON  MATERIAL  TASK  OF  POO^  QUALITY 

DCS  Production  From  PDU 

X 


MQillU 

# DCS 
EBQQyCEQ 

ON-LINE 

IlME 

REDISTRIBUTION 
BEACIQB  SIZE  IQl 

JUNE 

11.000 

96 

3- 

JULY 

7,000 

36 

3" 

AUGUST 

10,000 

45 

3* 

SEPTEMBER 

6,200 

27 

5' 

OCTOBER 

18,400 

95 

5' 

NOVEMBER 

U,3?0 

70 

5* 

DECEMBER 

16,000 

66 

5- 

JANUARY 

0 

0 

5* 

FEBRUARY 

0 

0 

5‘ 

MARCH 

7,840 

46 

5" 
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SILICON  MATERIAL  TASK 


w 1 1 , » ‘ . • — ♦ * - 

OF  POO^  QU.VJTY 

Kinetic  Evaluation  for  5>in.  Redistribution  Reactor 


SILICON  MATERIAL  TASK 


or?!G:r;'i  r,-.  ■ : ■ ; 

OF  poo:?  ql;  ..ifY 


Redistribution  Reactor  at  Bottom  of  DCS  Column  I 
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^ DCS 


213 


Trom 

v«nt  r~ 

!l«cov«ry 


201 


Fro* 

Stripp«r 


20S 


2U 


u 


DCS 

Distinction 


TCS 

Distillstionl 


215 


207 


StrssB 

Flow 

wsioht  Psrcsnt 

#/Mr. 

NCS  DCS 

TCS 

STC 

201 

2070 

12.1 

55.2 

32.7 

20S 

18350 

.6 

25.1 

74.3 

207 

17907 

100.0 

213 

2S6SS 

8.7 

91.3 

214 

26153 

.2  7.5 

78.5 

13.8 

215 

26153 

100.0 

219 

2508 

2.8  91.5 

5.7 

Ks^istribution 

Rssctor 


STC 
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SILICON  MATERIAL  TASK 


ORlG!?iAL  FASH  IS 

OF  POOR  QUALITY 


Thermodynamic  Redistribution  Data: 
TCS-STC  Mixed-Feed  System 


iJ 

d 


u 

ZD 

Q 

O 

0^ 

a. 


vn 

o 

o 


From 

Stripp«r 


Redistribution  Reactor  at  Bottom  of  DCS  Column  II 

219  _ 

I — ^ DCS 


From 

f20i 

M 

Vent 

J ► 

1 

^ Recovery 

213 

eH 

DCS 

Distillation 


214 


TCS 

Distillatlonr 


207 


STC 


stream 

Plow 

Height  Percent 

I/Hr. 

MCS  DCS 

TCS 

STC 

201 

2070 

12.1 

55.2 

32.7 

206 

18350 

.6 

25.1 

74.3 

207 

17713 

100.0 

213 

25482 

8.0 

92.0 

214 

25263 

8.0 

76.0 

16.0 

215 

25263 

97.3 

2.7 

219 

2271 

100.0 

Redistribution 

Reactor 
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SILICON  MATERIAL  TASK 


oRir-'^M  fs 

OF  POOR  gUALITY 


Low-Cost  Silicon  Process 


Comprtssor 

◄- 


V«nt 

*-i  _ . J-i 


DCS/TCS/STC  DCS 


H, 


R«diitri- 

bulion 

Still  1 


u 


TCS 


Still  3 


FBR  ' 

' TCS/STC 

Still  2 1 

, DCS/TCS/STC 

Dccompotition 

n 


LW. 


•Si 


Vtnt  Gat 


Racovary 

H, 


STC 


HCI 


Si 


Docomposition  Goals 

•DEPOSITION  RATE  2.0  G/H/CM 
•CONVERSION  EFFICIENCY  «I0X> 
•POWER  CONSUMPTION  <60  kWh/kg 
•RUN  TIME  100H^- 
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SILICON  MATERIAL  TASK 


OF  POOR  QUi\'-riTY 

Quartz  Tube  Deposition  Reactor  Unit 


DCS 

TCS 

STC 


QUARTZ 

TUBE 


SINGLE  SHUNT 

WINDING  WINDING 

FURNACE  FURNACE 


DCS  Process  Data:  intermediate  Reactor 


Run  Bo. 

Ft*a 

Typt 

Run 

TIm 

(hours) 

Rod 

DiUMtor 

im} 

Silicon 

Silicon 

Deposition 

(gh**Oi"*) 

Conversion 
(Hole  %) 

Rover 

Consueption 

(kWhAg) 

324-481 

DCS 

40.7 

48-51 

2.9 

1.07 

36.3 

B.A. 

324-482 

*0C8 

75.1 

€0-65 

2.9 

0.96 

32.5 

N.A. 

324-483 

•DCS 

67.5 

63-68 

2.9 

1.12 

38.1 

M.A. 

325-514 

•DCS 

78.0 

84-89 

3.9 

1.63 

41.9 

N.A. 

325-515 

DCS 

31.7 

44-46 

3.7 

1.19 

32.4 

N.A. 

* 5 Bour  Btcb  After  run  coeipleted 
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SILICON  MATERIAL  TASK 


Intermediate  Decomposition  Reactor  Summary 

•OICHLOROSILANE  REACTOR  OPERATION  SIMILAR 
TO  TRICHLOROSILANE  OPERATION 

•NO  VAPOR  PHASE  NUCLEATION  IN  THE  REACTOR 

•ROD  SURFACE  ACCEPTABLE 

•PURITY  IS  SEMICONDUCTOR  GRADE  QUALITY 

•POST  HCl  ETCH  SELECTIVELY  REMOVES  SILICON 
FROM  THE  BELL  JAR 


QUESTION: 

•CAN  DECOMPOSITION  GOALS  BE  ATTAINED  USING 
MIXED  FEED? 


•CAN  CONVERSION  ANO  POWER  CONSUMPTION  GOALS 
BE  ACHIEVED  IN  A LARGER  DECOMPOSITION 
REACTOR  ? 
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SILICON  MATERIAL  TASK 


oRiGsr^AL  r;  : h f*? 

OF  POOR  QUALITY 


Purity  Data 


RXR  324  PURITY  DATA  FOR  ELECTRICALLY  ACTIVE  ELEMENTS 
(Boronr  Phosphorusr  Carbon) 


Run  Ho. 

Boron  ^ppbal 

Donor  fppba) 

rji  rhnn  /ntMual 

324-419 

.08 

2.88 

0.88 

324-420 

.08 

3.94 

0.4 

324-421 

.08 

0.38 

324-422 

.06 

0.37 

324-423 

.06 

1.18 

324-424 

.06 

1.19 

324-425 

.06 

1.27 

324-426 

.06 

0.73 

0.1 

324-427 

.06 

0.99 

324-428 

.05 

0.68 

0.5 

324-429 

.07 

1.24 

324-430 

.07 

1.02 

324-431 

.07 

0.23 

0.2 

324-432 

.07 

0.43 

0.1 

324-433 

.07 

0.24 

324-434 

.04 

0.4 

0.2 

324-435 

.04 

0.29 

0.3 

324-436 

.30 

0.85 

324-437 

.10 

0.48 

324-438 

.10 

1.20 

0.2 

324-439 

.08 

0.42 

0.1 

324-440 

.04 

0.20 

0.1 

324-441 

.04 

0.30 

324-442 

.06 

0.20 

0.3 

324-443 

.06 

0.34 

0,1 

324-444 

.04 

0.44 

0.3 

324-445 

.06 

0.62 

324-446 

.06 

1.11 

324-447 

.06 

10.46 

324-450 

.05 

0.21 

324-451 

.05 

0.13 

0.3 

324-452 

.05 

0.32 

0.6 

324-453 

.06 

1.17 

324-454 

.06 

0.35 

0.2 

324-455 

.06 

5.79 

0.6 

324-456 

.07 

0.32 

0.5 

324-457 

N.E. 

N.E. 

324-458 

.06 

0.17 

0.5 

324-459 

.06 

0.28 

0.5 

324-460 

N.E. 

N.E. 

324-461 

.10 

0.33 

0.7 

324-462 

.10 

0.27 

0.3 

324-463 

.10 

0.56 

324-464 

.10 

0.72 

324-465 

8.0 

7.41 

0.5 

324-46* 

.10 

0.18 

0.3 

324-467 

.10 

0.20 

0.6 

324-468 

.10 

0.23 

0.5 

324-469 

N.E. 

N.E. 

324-470 

1.0 

1.21 

0.1 

324-471 

.06 

0.69 

0.1 

324-472 

.06 

0.24 

0.1 

324-473 

.06 

0.73 

0.2 

324-474 

.06 

0.25 

0.4 

324-475 

.06 

0.39 

0.9 

324-476 

.06 

1.83 

324-477 

.06 

0.87 

0.1 

# Runa-49 

.09  (Avg.) 

0.58  (Avg.) 

0.3  (Avg.) 
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SILICON  MATERIAL  TASK 


OF  POOR  QUALITY 


RXR  325  PDRZTT  DATA  FOR  BLBCTRICALLY  ACTIVE  ELEMENTS 
(Boronr  Phosphorus#  Carbon) 


Run  No. 

Boron  fppba^ 

Donor  fppbal 

r^rhnn  fppma^ 

325-449 

.6 

30.0 

325-450 

.09 

0.25 

0.7 

325-451 

.06 

1.30 

325-452 

325-453 

.06 

0.26 

325-454 

.07 

0.40 

0.6 

325-455 

.10 

4.70 

325-456 

.51 

0.74 

325-457 

.19 

0.37 

0.1 

325-458 

.19 

0.63 

0.2 

325-459 

.08 

0.49 

325-460 

.06 

1.60 

0.2 

325-461 

.08 

0.37 

0.1 

325-462 

.06 

0.76 

325-463 

.06 

0.77 

325-464 

.06 

0.86 

325-465 

.06 

1.05 

325-466 

.06 

10.16 

325-467 

.06 

0.56 

0.3 

325-468 

.05 

0.26 

0.6 

325-469 

.06 

0.38 

0.2 

325-470 

.06 

3.79 

0.1 

325-471 

.04 

0.48 

0.2 

325-472 

.06 

0.53 

0.2 

325-473 

.06 

0.77 

0.4 

325-476 

.04 

0.24 

0.4 

325-477 

.04 

0.22 

0.1 

325-478 

.04 

0.30 

325-479 

.03 

0.46 

0.2 

325-480 

.08 

0.15 

0.3 

325-481 

.10 

0.36 

0.1 

325-482 

.10 

0.69 

0.2 

325-483 

.10 

0.32 

0.7 

325-484 

.06 

0.29 

0.5 

325-485 

.06 

0.18 

0.1 

325-486 

.10 

3.24 

325-487 

.10 

0.77 

0.6 

325-488 

.10 

0.48 

0.3 

325-489 

.10 

0.27 

0.1 

325-49C 

N.E. 

N.E. 

325-491 

N.B. 

N.E. 

325-492 

.06 

0.24 

0.4 

325-493 

.10 

2,6 

0.1 

325-494 

.10 

0.51 

0.1 

325-495 

.10 

0.48 

0.1 

325-496 

N.E. 

N.E. 

325-497 

N.E. 

N.E. 

325-498 

N.E. 

N.E. 

325-499 

1.0 

0.07 

0.1 

325-500 

.10 

0.29 

0.3 

325-50.1. 

.06 

0.43 

0.1 

325-502 

.06 

0.28 

0.8 

325-503 

.06 

0.39 

0.1 

325-504 

325-505 

325-506 

.06 

0.51 

0.1 

325-507 

.06 

0.34 

325-508 

.06 

0.20 

0.2 

♦ Runs-44 

.10  (Avg.) 

0.48  (Avg.) 

0.3  (Avg.) 
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REACTION  PRODUCTS  (DOLES)  PER  100  MOLES  CHLORINE  FEED 


SILICON  MATERIAL  TASK 


0«12!MAL 

OF  POOR  QUALITY 


DCS  Purity  Summary 


B£A£IQfi  12k 


# OF 
EUBS 

DONOR 

££fik 

BORON 

££fik 

CARBON 

££HA 

k9 

0.58 

0.09 

0.3 

3 

0.67 

0.04 

N.A. 

BEkCIQB  121 

44 

0.48 

0.10 

0.3 

2 

0.38 

0.03 

N.A. 

BEACIQB  1B2 

2 

1.41 

0.07 

N.A. 

Intermediate  Decomposition  Reactor  Results 


EARAMEIEB 

QfiJEEIillE 

ACUIULD 

OEPOSiriON  RATE 
(GH" 'CM-' 

2.0 

1.6  - 2.1 

CONVERSION  EFFICIENCY 
(MOLE  X) 

>40 

43.6 

POWER  CONSUMPTION 
(kWh/KG) 

<60 

80  - 100 

RUN  TIME 

100 

87 

ROD  SURFACE 

CZ  QUALITY 

CZ  QUALITY 

PURITY 

SEMICONDUCTOR 
QUAL 1 TY 

SEMICONDUCTOR 

QUALITY 

VAPOR  PHASE  NUCLEATION 

N.A. 

NONE  OBSERVED 
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SILICON  MATERIAL  TASK 


Problems  and  Concerns 

• ACHIEVING  <>0  PERCENT  CONVERSION  EFFICIENCY 

I 

•ACHIEVING  A POWER  CONSUMPTION  AT  THE  REACTOR  OF  60  kWh/K6 
•QUARTZ  BELL  JAR  INTEGRITY 

•ECONOMICS  AND  FEASIBILITY  OF  HYDROGENATION  PROCESS 


SILICON  MATERIAL  TASK 


IN-HOUSE  MATERIAL  RESEARCH  PROGRAM 
Si  Deposition  in  FBR  System 

JET  PROPULSION  LABORATORY 


G.C.  Hsu 

2-in.  FBR  Program 


VARIABtlS 

• TEMPERATURE  - 650“C,  700°C.  750°C 

• SILANE  CONC.  - 20%,  50%,  65% 

• - 1 TO  6 
FIXED  PARAMETER5: 

• SEED  PARTICLE  SIZE  - 335 (AVERAGE) 

(POLY  Si  - SEMICONDUCTOR  GRADE) 

• INITIAL  BED  WEIGHT -400  gm 

-6  inch  HEIGHT 

• DISTRIBUTOR:  200  MESH  SCRSN  ON  S.S.  SUPPORT  WITH 
1/16*'  HOLES 

• DURATION  OF  RUN:  UP  TO  1 hour  (16  RUNS) 
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i PARTICLE  (~335«.m) 


SILICON  MATERIAL  TASK 


Is* 

OF  POOR  QUALirV 


Growth  Mechanism 


Si  (VAPOR) 


PHYSIO.'. 

INCORPORATION 


(~50  - 250  A) 


Si  FINES 

AGGREGATES 

(~0.3mh») 


Color  of  Si  Fines 


• Si  FINES  - SUBMiCRON  POWDERS  SAME  AS  CFP  Si  FINES 


• COLOR  CHANGES  AT  DIFFERENT  TEMPERATURES 

• SIZE  AT  DIFFERENT  TEMPERATURES 

• HYDROGEN  CONTENT  SiHx 

<E.G.,  SiHjj  2 STABLE  AT  ROOM  TEMPERATURE  AND  DOES  NOT 
DECOMPOSE  IN  AIR) 

E.G.. 

AT  650"C  - DULL  BLACK  (FINELY-DISPERSED  Si) 

AT  750rc  - DARK  BROWI 

• COLOR  IS  REFLECTED  IN  F3R  PRODUCT  PARTICLES  IFBR  COATING  IS 
COHERENT  AND  WITH  SMAU  POROSITY) 


SILICON  MATERIAL  TASK 


I . - l r;'  ::  is 

OF  POOR  QUALITY 


Heat  and  Mass  Transfer  in  Flu.dized  Bed 


CAS  BUBBLE  FROM  DISTRIBUTOR 
L IDEAL  PROFILE 


O ..-O  • 

; B[U5bIE 
• SOLlO  ■ ^ . ; 

K>:  : . . 


ilH 


■4  ■ 
o 


i: 


LOW 


^I^^^X^OISTRIBUTOR 
FBR  * 

GAS  BUBBLE  TEMPERATURE 


« LARGE  GAS  BUBBLES  FROM  DISTRIBUTOR  « p(y«  pmvriiF  i 
(CONVEmVE  HEAT  TRANSFER)  * 

• INSUFICIENT  HEATING  FOR  THE  BOTTOM 
HEATER  ZONE 

• HIGH  GAS  VELOCITY 
a INSUFFICIQyfT  BED  HEIGHT 

• LOW  SOLID  TEMPERATURE 

• POOR  GAS  PREHEATING 
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SILICON  MATERIAL  TASK 


Dust  Formation 

• LESS  THAN  10*  DUST,  FOR  PROPER  aUlDIZED  BED  OPERATION 

• TO  MAINTAIN  THE  SAME  FOR  SIMILAR  FLUIDIZATION  QUALITY. 
^65(^0  ^ ^75(f  C 

AT  650“C,  REACTION  ABO'^E  THE  BED  LEO  TO  HIGHER  OUST 
FORMATION  (e.g.  UP  TO  17%) 

• DUST  LEVEL  INCREASES  MODERATELY  WITH  SILANE  CONCENTRATION 

• DUST  COLLECTION  INCREASES  MODERATELY  WITH 

Bed  Agglomeration 

• NO  BED  AGGLOMERATION  FOR  PROPER  FlUIDIZATION 

• DISTRIBUTOR:  FLOW  PATTERN  AND  GAS  BUBBLE  SIZE 

• VIGOROUS  AGITATION:  U/U  > 3 

mf 

• FAST  HEATING  AT  THE  REACTOR  BOHOM  (REACTION)  REGION 

Key  FBR  Design  Parameters 

• DISTRIBUTOR 

• HEATER 

Key  Operating  Parameters 

• TEMPERATURE  l65(fC  < T < TSO^C ) 

• FLUIDIZATION  QUALITY  (e.g.  3 < U/U  < 6) 

’ mf 

% BED  HEIGHT  IL/D  > 3 FOR  2"  FBR) 


SILICON  MATERIAL  TASK 


OF  POOR  QUALITY 


Kinetic  Model 

Overall  Growth,  Chemical  and  Physical 


SIH. 


Si  (S) 


ASSUME  N (No.  OF  SEED  PARTICIES/UNIT  8E0  VOLUME) IS  CONSTANT 


S • 4»r‘N 
Cg-|rf^NWMg. 


S-  4vN 


oL  I 


1/3 


r 2/3. hr  2/3 


AO  / r 
^'BO  8 


2/3 


kt  . 


k • 3 C 


1/3 


eOUIVAIENT  (»OmH  MOOa  (SEM) 
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10^,  an/sec 


SILICON  MATERIAL  TASK 


SILICON  MATERIAL  TASK 


Particle  Growth 


I VIA  KINETIC  MODEL- 

MODEL  ASSUMES  • UNIFORM  DEPOSITION  ACROSS  THE  BED 

• NO  COATING  POROSITY 

• CONSTANT  VOLUME  IN  BED 

ILLUSTRATION:  (TYPICAL  VALUES  IN  THE  OPERATING  RANGE  I 
S • W cm^/cm^,  C^Q  • 0. 01  gmole/i 

dr 

~ • as  C^g  - aoos.  -Jf  ■ as 

• DEPOSITION  RADIUS  FROM  KINETIC  MODEL  IS  THE  LOWER  LIMIT 
FOR  ACTUAL  GROWTH 

n VIA  SEM  MEASUREMENTS 

AT  650°C  Ar,«  ■ 62  /i.m 
60  mm 

AT  700°C  Ar^n  • 70  iim 
SO  mm 

AT  7S0°C  Ar,n  ’ 100  /iin 
60  mm 

• DEPOSITION  RADIUS  FROM  SEM  MEASUREMENTS  IS  THE  UPPER 
LIMIT  FOR  ACTUAL  GROWTH 


Mass  Balance  Deposition  Rate 

(2"FBR.  T ■ 70C°C.  CONC.  ■ SOU  SILANE,  U/Ujjjj  ■ 61 

DEPOSITION  RATE  = 8.24  gm/mln 
= 0.5  kg/hr 


PROJECTION. 

FOR  6"  FBR  AT  S0%  SILANE,  RATE  - 4.S  kg/hr 
FOR  6"  FBR  AT  100%  SILANE,  RATE  ~ 9 kg/hr 
(ASSUME  70%  ON  STREAM  TIME,  DEPOSITION  RATE  ~ 55  MT/yrI 
~ TWO  6"  FBR's  FOR  100  MT/yr 


COMPARISON: 

SIEMENS  TYPE  OF  REACTOR  (HSiClj) 

0.3  - 0.5  kg/hr  (LENGTH  40  In.,  dia  3 In..  6 rods) 

DEPENDING  ON  ROD  DEPOSITION  QUALITY 
(e.g.  20  in.  DIAMETER  x 4 H BELL  JAR  REACTOR  I 
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SILICON  MATERIAL  TASK 


r.’iCU  ‘.-3 
of'poor  quality 

Status  of  FBR  Program 

• IN  2 inch  FBR  SYSTEM: 

• ESTABLISHED  CHEMISTRY  AND  PRODUCT  MORPHOLOGY 

• IDENTIFIED  OPERATING  WINDOIN  AND  DESIGN  PARAMETERS 

• DETERMINED  DEPOSITION  KINETICS 

• IN  6 inch  FBR  SYSTEM: 

• STUDY  DISTRIBUTOR  FOR  PRAaiCAL  FLOW  (MINIMIZING  WAU  EFFEai 

• STUDY  BED  DEPTH  FOR  INCREASING  FINE  COLLECTION  EFFICIENCY 

• STUDY  THE  LIMIT  OF  SILANE  CONCENTRATION 

• STUDY  SSD  PARTICLE  SIZE  EFFECT 

• STUDY  PROOUa  PURITY 
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Basic  JPL  6-in.  FBR  Experimental  Plan 

Current  Phase  (From  May  1982) 

COMMON  CONDITIONS:  U/U^  • 5,  PARTICU  SIZE  RANGE:  150-2S0  ft  (MESH  No.  60-100) 

BASIC 


RUN 

No. 

PURPOSE 

TYPE  (OR  REMARK) 

SHANE 

CONC. 

BED 

DEPTH 

DURATION 

1 

ESTABLISH  BASELINE 
CONDITION 

POROUS  CARBON  DISTRIBUTOR 

20» 

6 In 

1 hr. 

2 

BED  DEPTH  TEST 

POROUS  CARBON  DISTRIBUTOR 

20A 

12  In. 

1 hr. 

3 

DISTRIBUTOR  TESTS 

SINTERED  MHAL  d"  THICK) 

20» 

6 In. 

1 hr. 

4 

DISTRIBUTOR  TESTS 

CHOSEN  FROM  COLD  aOW  TEST. 
MHAL  PUTE  POROUS  SCREEN 

20% 

6 In. 

1 hr. 

5 

DISTRIBUTOR  TESTS 

NOZZLE -CONE  DISTRIBUTOR 

20% 

6 In. 

1 hr. 

6 

REPRODUCIBILITY  AND 
LONG  DURATION  RUN 

DISTRIBUTOR  SELECTED  FROM 
DISTRIBUTOR  TESTS  (FROM 
RUN  No.  eoNI 

20% 

6 In. 

3 hr.  (SAMPLES: 
(1  30  min.,  1 hr., 
2 hr.,  3 hr.  *) 

7 

CONCENTRATION  LIMIT  TEST 

DISTRIBUTOR  SELECTED  FROM 
DISTRIBUTOR  TESTS  (FROM 
RUN  No.  6 ON  .1 

O-IOOH 
I10»  INCRE) 

6 In. 

TIME  AS  REQUIRED 

8 

DtPOSITION  KINETICS 

CONTROL  RUN  FOR  PURITY 
ANALYSIS  (ALSO  WITH 
PARTICLE  DISTRIBUTION 
ANALYSIS*) 

50% 

6 In. 

1 hr. 

(d  15,  3d  45, 
60  min.* ) 

9 

PARTICLE  DEPOSITION 
DISTRIBUTION 

SIMULATED  SED  SIZE  ADDED 
( * * 10»  SEED  44-74  (l, 

MESH  No.  32$-200) 

50% 

6 In. 

1 hr. 

(d  15.  3d  45. 
60  min*) 

10 

HIGH  CONCENTRATION  TEST 

(COULD  U>€  1?"  BED  DEPTH, 
IF  NEEDED) 

lODA 

6 In. 

30  min. 

1! 

PURITY  EVALUATION 

USE  QUARTZ  LINER 
(NEUTRON  ACTIVATION) 

50% 

6 In. 

1 hr. 
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Morrison,  Chairman 


Presentations  were  made  by  seven  contractors  and  by  JPL  on  silicon  (Si) 
sheet  efforts  and  related  work. 

Westinghouse  Electric  Corp*  reviewed  pro^j;re8S  on  the  Si  dendritic-web 
growth  contract.  A set  of  new  computer  models  was  used  successfully  to  define 
a growth  system  configuration  that  was  then  built  and  used  to  grow  web  with 
lower  thermally  generated  stress  than  has  any  configuration  previously 
developed  by  empirical  means. 

Mobil  Tyco  Solar  Energy  Corp..  which  is  conducting  research  on  the  edge- 
defined  film-fed  growth  (EFG)  method  of  making  Si  ribbon,  reported  that  a 
significant  increase  in  cell  efficiency  was  demonstrated  in  large  areas 
(50  cm2)  of  ribbon  grown  at  high  speed  (3.5  cm/min).  The  best  cells  gave 
11. 7Z  efficiency  (AMI  and  AR  coated),  just  short  of  this  year's  ^>oal  of  12Z. 

In  the  Semix  Inc.  semicrystalline  cast  Si  program,  a technique  was 
developed  to  determine  base  resistivity  and  carrier  lifetime  in  semicrystalline 
wafers.  Also,  lOO-cm^  cells  of  13. 5Z  efficiency  (AMI)  were  made  in  limited 
quantities. 

Rayex  Corp.,  which  has  just  completed  its  effort  on  advanced  Czochralski 
Si  ingot  growth,  reviewed  achievements  since  contract  inception.  These 
included  automated  growth  of  150  kg  of  15-cm-dia  ingot  material  per  crucible, 
with  after-growth  yields  of  greater  than  90Z  at  throughputs  of  1.5  kg/h. 

Cornell  University  reported  on  scanning  transmission  electron  microscopy 
(STEM)  and  microprobe  investigations  of  processed  EFG  ribbon.  The  following 
process-induced  changes  in  the  def  t structure  (as  compared  to  unprocessed 
EFG  ribbon)  were  noted; 

(1)  Processing  introduces  regularly  spaced,  sub-boundary-like 
dislocation  arrays  in  the  bulk  (ba> e section)  of  the  material. 

(2)  Some  (but  not  all)  of  the  dislocation  nodes  in  these  networks  act 
as  nucleation  centers  for  small  (d  < 100  Angstrom)  precipitates* 

(3)  Large  precipitates  (d  ss  1 ^m)  are  formed  in  the  bulk  of  the 
material . 

The  chemical  composition  of  the  large  precipitates  was  studied  by  non- 
dispersive  X-ray  analysis  in  a JEOL  200  CX  STEM  and  by  dispersive  analysis 
(for  C)  in  a JEOL  733  Superprobe.  Elements  identified  were  Ti,  Fe,  W,  Mo,  Cl, 
Ca  and  C.  None  of  these  elements  were  found  in  the  matrix*  It  appears  that 
the  precipit^'tes  act  as  gettering  centers  for  impurities.  Cl  is  traceable  to 
the  Cl  bakeout  of  the  graphite  dies. 

The  structural  arrangement  and  the  electrical  activity  of  dislocations 
at  or  close  to  *~he  central  twin  plane  in  processed  material  was  studied  by 
electron-beam  induced  current  (EBTC)  microscopy  on  a shallo%r-bevel  specimen. 
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The  majority  of  the  dislocations  in  the  twin  plane  are  regularly  spaced  and 
mostly  straight  arrays  of  dislocation  of  like  sign,  accommodating  a tilt 
component.  Dislocation  density  in  the  twin  plane  is  high,  and  the  dislocations 
are  effective  recombination  centers.  Inspection  of  straight  sections  under 
higher  magnification  shows  that  the  electrical  activity  varies  along  the 
dislocation,  ossibly  due  to  precipitaves  (TEM  will  be  carried  out  after 
completion  of  EBIC  to  clarif/  this  point).  Temperature-dependent  EBIC  is  being 
carried  out  in  order  to  determine  the  electronic  energy  levels  associated  with 
the  various  sections. 

JPL  in-house  research  program  results  were  presented  on  the  electrical 
and  structural  properties  of  grain  boundaries  in  silicon,  particularly  those 
concerning  electrical  and  enhanced  diffusion  along  the  grain  boundaries* 

Temperature-dependence  measurements  of  zero-bias  conductance,  a photo- 
conductivit3»  technique,  and  deep-level  transient  spectroscopy  (DLTS)  were 
developed  to  investigate  potential  barrier,  carrier  recombination  velocity, 
and  electronic  states,  respectively.  The  studies  of  potential  barrier  have 
revealed  that  considerable  variation  in  the  activation  enargy  along  grain 
boundaries  often  exists,  presumably  due  to  variation  of  local  disorders;  the 
activation  energy  usually  increases  with  annealing  temperature,  and  the 
potential  barrier  decreases  with  increasing  light  intensity*  The  recombination 
velocity  measurements  show  that  the  velocity  increases  with  boundary  state 
density  and  light  intensity.  The  preliminary  result  from  the  DLTS  experiments 
indicates  a trend:  the  density  of  states  generally  increases  with  the  distance 

from  the  edges  of  the  band  gap.  However,  the  details  vary  considerably  from 
sample  to  sample,  a result  that  can  be  attributed  to  local  variation  of 
disorders . 

A grooving  and  staining  technique,  secondary  ion  mass  spectroscopy,  and 
EBIC  measurements  in  scanning  electron  microscopy  were  used  to  study  enhanced 
diffusion  of  phosphorus  at  grain  boundaries  in  polycrystalline  silicon.  The 
results  shows  that  the  enhanced  diffusion  occurs  only  at  high-order  grain 
boundaries  having  high  carrier  recombination  and  the  depth  of  the  enhanced 
diffusion  ’ ries  drastically  from  boundary  to  boundary,  making  iny  quantitative 
measurement  diffici^lt  unless  the  boundary  can  be  characterized  well. 

The  University  of  Illinois  at  Chicago  is  studying  the  fundamental 
mechanisms  of  abrasion  and  wear  and  the  deformation  of  Si  by  a diamond  in 
various  *:luid  environments.  The  abrasion  rates  and  depths  of  damage  of  <100> 
and  <11 1>  p-typ3  Si  in  three  fluid  environments  (acetone,  ethanol,  and  water) 
were  determined,  and  the  surface  deformation  mechanism  was  found  to  change 
when  the  fluid  was  varied. 

Applied  Solar  Energy  Corp.  presented  results  on  the  efficiency  of  solar 
cells  made  from  EFG  ribbon  and  Semix  Inc.  material.  For  EFG  material,  a 
baseline  process  was  applied  to  ribbons  grown  with  or  without  CO2  in  the 
ambient.  In  general,  cells  made  from  EFG  ribbon  grown  in  CO2  performed 
better.  However,  the  results  from  both  groups  were  lower  than  those  reported 
previously. 

For  the  Semix  material,  work  continued  on  lagot  5848-1 3C.  High- 
efficiency  processes  were  applied  and  the  results  were  presented.  A series  of 
more  severe  gettering  'schedules  was  performed  on  identified  portions  of  the 
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ingot.  It  was  shown  that  short-circuit  current  improved  with  gettering  up  to 
a limiting  value  (wt>ich  was  still  below  that  of  the  control  cell).  Light- 
biaied  d' ^fusion  length  measureisents  shewed  that  there  was  a negative  light- 
biased  effect  (the  minority  carrier  diffusi?-.  length  decreased)  that  limited 
the  improvement  cf  short-circuit  current  in  the  more  severely  gettered  cells. 
Also,  the  baseline  process  was  applied  to  10  x 10-cm  Semix  wafers  randomly 
selected  (not  from  a single  ingot) . 
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ADVANCED  DENDRITIC  WEB  GROWTH  DEVELOPMENT 

WESTINGHOUSE  ELECTRIC  CORP. 


Status 

• First  feneration  computer 
models  developed  and 
verified 

• Experimental  web  growth 
machine  completed  and 
operational 

• Melt-replenished  steady-state 


Program  Emphasis 

• Deformation  Is  Major  Limitation  Of  Ribbon  Width 
And  Throughput  Rate 

• Deformation  Is  Correlated  To  Thermally  Generated 
Stress 

• Computer  Models  Provide  Understanding  Of  Web 
Growth  And  Thermal  Requirements  For  Stress 
Reduction  And  Optimized  Throughput 


Develop  computer  models  tor 
characterizing  and  understanding 
web  growth 

Develop  experimental  web  growth 
machine  for  use  with  models 
Demonstrate  melt-replenished 
steady-state  web  growth 
Demonstrate  25  cmVminute  web 
growth  ratd 

Demonstrate  5 cm  web  growth  width 


web  growth  demonstrated  at 
intermediate  growth  rate 
of  7 cmVmin 

• Web  growth  rate  of 

27  cm^/minute  demonstrated 
under  transient  conditions 

• Growth  width  To  5 cm 
demonstrated 


technology 

Single  crystal  rib*’,  /owth 
Approach 

Silicon  dendritic  web  growth 
Contractor 

Westinghouse  Electric  Corp. 
Research  A Development  Center 
JPL  Contract  955843 


Report  Date 
04/21/82 


LARGE-AREA  SILICON  SHEET  TASK 


Principal  Activity 

• Develop  Computer  Models  For  Web  Growth 

• Develop  Experimental  Web  Growth  MMhine  Capable 
Of  Automated.  Melt-Replenished.  Steady-State  Growth 

• Utilize  Computer  Models  And  Experimental  Growth 
Machine  For  Development  Of  Advanced  Web  Growth 


Computer  Models  to  Characterize  Web  Growth 

• Compute  Web  Temperature  Distribution  Generated 
By  A Specified  Growth  Configuration 

• Compute  Thermal  Stress  Generated  By  A Specified 
Web  Temperature  Distribution 

• Compute  The  Critical  Buckling  Conditions  For 
A Specified  Thermal  Stress 
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Application  of  Computer  Models 


Status  of  Computer  Models 

• Web  Temperature  Model  Has  Been  Expanded  To  Be 
More  Definative  And  Has  Been  Verified  As  Adequate 
For  Next  Generation  Of  Increased  Web  Throughput 

• Thermal  Stress  Model  Is  Complete  And  Verified 

• Critical  Buckling  Model  Is  Complete  And  Verified 
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• For  Fiactss  Analysis.  Undtrstanding  And 
Improvamant 

• For  Siibstquant  ^rocass  Standardization 
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Experimental  Web  Growth  Machine  Provides  Basic 
Requirements  for  Automated  Steady-State  Growth: 

• Flit  Temperature  Profile  In  Groeith  Region  Of  Melt 

• Controlled  Constant  Temperature 

• Controlled  Constant  Melt  Level 

• Controlled  Constant  Thickness 

• Controlled  Constant  Width 
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Combined  Use  of  Models  and  Experimental  Web  Growth 


Results  of  First  Use  of  Mc.'^<=‘ls 


• In  First  Application  Models  Were  Verified  By 
Comparison  With  A Previously  Characterized 
Growth  Configuration.  The  Model  Identified  System 
Limitations  And  Suggested  Modifications  Which 
Resulted  In  Width  Increase  Of  25%  (To  5 cm) 

• Automated  Steady>State  Web  Growth  Achieved  At 
Intermediate  Rate  (7  cmVminute) 

• Use  Of  Models  Proven  As  Route  For  Understanding 
And  Improvement  Of  Web  Growth 
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Problems  and  Concerns 


• Present  - None.  Understanding  And  Improvement  Of 

Process  Proceeding  As  Planned 

• Future  • Availability  Of  Low-Cost  Polysilicon  In 

Pellet  Form 


Summary 

• Computer  Models  Of  Web  Growth  Completed  And 
Verified 

• Experimental  Web  Growth  Machine  Proven  In 
Automated  Steady-State  Growth 

• Web  Growth  Improved  By  Application  Of  Models 
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EDGE-DEFINED  FILM-FED  GROWTH 

MOBIL  TYCO  SOLAR  ENERGY  CORP. 


TfCHNOlOOY 

ifpoil  DAn 

LARGE  AREA  SILICON  SHEET  BY  EF6 

4/21/82 

APflOACH 

STA1US 

MULTiaE  GROWTH  OF  10  cm  WIDE  SILICON 

• CARTRIDGE  DESIGN  CHANGES  HAVE  REDUCED 

RIBBON  AT  <1  cn/ninute. 

RIBBON  STRESS  AND  BUCKLING  LEVaS  FOR 
200  MM  THICK  RIBBON  TO  LEVEL  WHERE 
FABRICATION  OF  LARGE  AREA  CEUS  IS 

CONTtACIOt 

MOBIL  TYCO  SOUR  ENERGY  CORPORATION 

POSSIBLE. 

• URGE  ARU  (50  CN^)  CaiS  OF  11.7Z 
(AMI  AND  AR  COATED)  HAVE  BEEN 

OOAIS 

• REDUCE  STRESS  AND  IMPROVE  FLATNESS 
OF  RIBBON  GROWN  AT  4 cm/ninute 
AND  200  MM  THICKNESS. 

• DEMONSTRATE  12X  CELL  EFFICIENCY  ON 
LARGE  AREAS  (50  cn^)  FOR  RIBBON 
GROWN  IN  HIGH  SPEED  SYSTEM. 

ACHIEVED  FOR  RIBBON  GROWN  IN  HIGH 
SPEED  SYSTEM  (AT  3.5  cm/mimute). 

• NEW  MULTIPLE  RIBBON  FURNACE  HAS  BEEN 
BUILT  AM)  TESTED  (OPERATION  HAS  BEEN 
SET  ASIDE  DUE  TO  REDUCTION  OF 
PROGRAM). 

• DESIGN.  CONSTRUCT  AND  OPERATE  NEW 

MULTIPLE  RIBBON  FURNACE  FOR  GROWTH 
OF  FOUR  10  CM  WIDE  RIBBONS. 

Progress  in  Stress  Studies 

» KIFIUENCE  OF  CARTRIDGE  C0nP0f£NT  DESIGN  ON  STRESS 
AND  BUCKLING  LEVaS  IN  10  cm  WIDE  RIBBON  HAS  BEEN 
IDE-TIFIED: 

- TEMPERATURE  FIELDS  IN  LINEAR  COOLING  PLATES 
OF  SEVERAL  DIFEREHT  DESIGNS  HAVE  BEEN 
MEASURED. 

- IMPROVED  FLATNESS  HAS  ACHIEVED  IN  -200  um 
THICK  RIBBON  GROWN  WITH  A MODIFIED  DESIGN 
CARTRIDGE. 

- CHANGE  IN  HORIZONTAL  ISOTHERM  SHAPE  IS 
PROBABLE  CAUSE  FOR  REDUCED  STRESS  AND 
BUCKLING  LEVELS. 
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Stress  Studies:  Plans 

• CAPABILITY  IS  NEEDED  TO  PREDICT:  (i)  nOVING  RIBBON 
TEMPERATURE  PROFILES  GIVEN  SYSTEM  COMPONENT  TEMPERA- 
TURES AND  GEOMETRY,  AND  (ii)  STRESS  DISTRIBUTIONS 
AND  BUCKLING  THRESHOLDS  FROM  RIBBON  TEMPERATURE 
FIELDS. 

• EMPIRICAL  APPROACH  WILL:  (i)  GUIDE  THEORETICAL 
STUDIES  AND  ESTABLISH  BOUNDARY  CONDITIONS  FOR  MODELING. 
AND  (II ) ARRIVE  AT  REDUCED  STRESS  GROWTH  CONFIGURATIONS 
THAT  ARE  COMPATIBLE  WITH  ACCEPTABLE  GROWTH  CONDITIONS 
AT  A cm/nin. 


IMPORTANT  TO  SYNTHESIZE  OUT  OF  THIS  APPROACH  A SYSTEM 
THAT  HILL  PRODUCE  200  m THICK  RIBBON  AT  4 cm/mi n WITH 
SUFFICIENTLY  LOW  STRESS  AND  FLATNESS  TO  MEET  DEMANDS  IN 
YIELD  AREA. 


Progress  in  Quality  Improvement 


t SIGNIFICANT  IMPROVEMENT  IN  CEa  EFFICIENa  OF  HIGH 
SPEED  GROWN  RIBBON  TO  U-12X  HAS  BEEN  ACHIEVED. 

- AMBIENT  CONTROL  HAS  PROVEN  TO  BE  VERY  IMPOR- 
TANT PARAMETER  IN  OBTAINING  CONSISTENT 
ELECTRONIC  QUALITY  RIBBON. 


- RIBBON  EXIT  GAS  SEAL,  MORE  UNIFORM  INTERFACE 
GAS  CONTROL  SYSTEMS  IMPLEMENTED  SUCCESSFULLY. 


I 

LARGE-AREA  SILICON  SHEET  TASK  OF  Pn^c  ' 

«»■  POjR  QUALITY 

SFV  DlffuBlon  Uangth  Data  for  10  on  Wldo  lUliboa  (knon  wltii 
Stretched  CSartridRc  in  lladilne  17.  Bulk  Halt  DopinK  wns 
4 0-on  for  All  Runs. 
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EFG  Ribbon  Quality:  Status 

• HIGH  SPEED  G“0WN  RIBBON  EFFICIENCIES  AT  U-12X  ARE 
STILL  BELOH  BEST  EFG  RIBBON  AVAILABLE,  WITH  PAR- 
TICULAR SHORTFALL  IN  AND  FF. 

• ISSUES  TO  SEHLE: 

- WHAT  ARE  UNDERLYING  MATERIAL  QUALITY  DE- 
FICIENCIES? 

- CAN  THIN  RIBBON,  PROCESSED  WITH  IMPROVED 
GEHERING  AND  BSF  SCHEMES,  ACHIEVE  GOALS 
ON  PRESENT  MATERIAL? 


Annealing  Studies 

f HIGH  TEMPERATURE  HEhT  TREATMENTS  (BOO-llOOOC)  IN 
NITROGEN  AND  OXYGEN  AMBIENTS  LEAD  TO  CONSISTENT  DEG- 
RADATION OF  (DARK)  SPV  DIFFUSION  LENGTHS  INDEPENDENTLY 
OF  GROWTH  CONDITIONS,  INTERSTITIAL  OXYGEN  LEVEL  OF 
RIBBON  (COj  ON  OR  OFF,  OR  QUAR‘'Z  IN  THE  MELT). 

• PH3  TREATMENT  DURING  ANNEAL  CAN  IMPROVE  DARK  DIFFUSION 
LENGTH  M APPWRS  TO  BE  NECESSARY  TO  PRODUCE  LIGHT 

enhanceme.it. 
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Sdbcyttky  Burrl«r  Dlf fUBlan  Imgth  ItoMurMots  BbTocv 

•Dd  After  Boat  TMimmt  of  10  oi  Vide  fttbbon  In  wn 
O^icen  iW>ient. 
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Sdiottky  Bari . SFV  DLffUBlon  Length  lAawiimnmts 
Before  and  Atw.  FH3  DiffUsloo  for  10  ae  Vide 
Ribbon. 
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s (m) 

9001^  diffusion: 
10  mins  O2/N,  * 
30  nlns  nij  ^ 
furnace  oonl  to 
650*^;  in  lOO 
mins.  Smne  sam- 
ple irr  asuronent . 

CZ 

- 

2 

155.0 

mm 

HBW 

146.0 

1.13 

HBfl 

ESI 

0.02 

0.02  1 

BlfgCVA 

arRon 

7 

wi^am 

bXhi 

KiHJi 

ftifiJi 

msiM 

msiM 

VW>M 

17-174 

quar  2 
in  melt 

7 

31.3 

6.86 

0.22 

27.6 

5.76 

0.21 

O.OR 

0.32 

0.35 

17-175 

0.35fc  CO, 
30  p(m  0, 

" ■■  5"  ■ 

4 

97.7 

40.3 

7.12 

4.80 

|A0| 

m 

If7.b 

27.9 

a.i 

9.69 

TTUIT 

0.35 

1.11 

0.70 

b.db 

0.23 

0,96 

0.33 

anO^C  diffusion: 
1 hr  in  0,/N,  * 
1 hr  in  PIl,  + 

4 hrs  in  Oj/N,. 

' Sister  sam|)le 
imusuroncnt. 

”TZ“ 

- 

3 

au&a 

Kflul 

UEHM 

aimi 

WUkiiM 

aakm 

mBuM 

CBiil 

Bvaivj 

7 

wtma 

nuc^ 

li&il 

■snci 

mKM 

mam 

can 

17-175 

0.3%  Ob, 

+ 30  Pin  0, 

6 

42.8 

11.6 

0.27 

53.3 

10.7 

0.20 

1.33 

0,47 

0.33 

17-177 

■S3&SE9 

8 

43.2 

7.49 

C.17 

43.2 

10.8 

0.25 

1.01 

0.24 

0.23 

17-174 

quartz 
in  melt 

7 

46. 4 

15.4 

0.33 

44.3 

15.6 

0.35 

0.96 

0.19 

0.20 
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Status  of  EFG  Multiple-Ribbon  Program:  Needs 

• HEM  FURNACE  FOR  FOUR  10  cm  HIDE  RIBBONS  IS  OPERATIONAL 
KITH  AUTONATiC  WIDTU  CONTROL  AND  KELT  REPLENISHNEKT. 

WORK  TO  BE  DONE  CONCERNS: 

- ESTABLISHING  RaiABILITY,  LIFETIflE  FOR  FURNACE 
CONPCriNTS  IN  LONG  TERN  OPERATION. 

- INPLENEWriNG  AHBIENT  CONTROL  AT  LEVEL  WHICH 
ENSURES  QUALITY  CONSISTENCY. 

• FUNDAMENTAL  QUESTIONS  REGARDING  VIABILITY  AND  COST- 
EFECTIVENESS  OF  FURNACE  IN  PRODUCTION  NODE  REMAIN: 

- YIELDS  FOR  THIN  RIBBON  MUST  BE  HIGH:  LOW 
STRESS,  FLATNESS  AT  150-200  vh  THICKNESS, 

A CM/MIN  ARE  ABSOLUTE  NECESSITY, 

- SIMULTANEOUS  ACHIEVEMENT  OF  H 191  DUTY  RATE, 
CONSISTENT  QUALITY,  HIGH  YIELDS  MUST  OCCUR. 


Problems  and  Concerns 


• STRESS  AND  NON-F*J\TNESS  IN  THIN  (200  uh)  RIBBON  DO  NOT  PERMIT 
FABRICATION  OF  RIBBON  GROWN  AT  HIGHEST  SPEEDS  (-A  cm/minute) 
INTO  cats  WITH  ACCEPTABLE  YiaDS. 

• DEMONSTRATE  THAT  BEST  CELL  PERFORMANCE  LEVELS  OF  11-12X 
ACHIEVED  IN  SINGLE  CARTRIDGE  FURNACES  CAN  BE  OBTAINED  CON- 
SISTENTLY IN  A MULTiaE  RIBBON  FURNACE. 

• DEMONSTRATE  RaiABILITY  OF  MULTIPLE  RIBBON  FURNACE  OPERATION 
OVER  THE  LONG  TERM,  WITH  ACCEPTABLE  DUTY  RATES,  THROUGHPUT 
AND  MATERIAL  QUALITY. 
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SEMICRYSTALLINE  PROCESS  DEVELOPMENT 

SEMIX  INC. 


TKHNOIOOV 

IVOATOAfi 

UKi  MtiA  saiow  snr 

A^rll  22.  m? 

APftOACH 

STAIVS 

ssaatrsTAixiK  anmixmrt(M  nociss  atnuot^ 
mn  tm  vnirtckrtOM 

HOK  IS  contmtm  id  Btnur  an  inomsTAiDiMC  op 
rm  Mtstc  iTMAwag  u m onsuuizArtoM  op 
SmcnSTALUMK  MUtnUL. 

CONIIACIOt 
sonx  t>«i«NKAni> 

A ncwzqm  mas  un  okvilopid  to  onmaM  masx 

ustsmm  AID  cAutn  urtrim  tii  ssmotmAL- 
uw  MAPns.  cxmsiOM  ot  ms  namouxi  au 

■KtNi  puasm  POM  IVAUIATIOM  OP  UCP  MICKS. 

OOAIS 

UVUIKKR  SnPCIWAL  tWOUlU  OV  VCT  WnUAL. 

saox  MS  ACNtmo  cius  op  u.st  cppicidkik  im 
Lmmo  quAMtmn. 

ASSESS  AMD  omur  ncMiquBS  to  CNAMcmia  sm 

CtYSTALUm  KATXUAL. 

ocMDMSTiun  i4s  AW  tTriciiMa  vin  too  of  solak 
cnxs. 

W MV|  CQVLSIUI  xn  DKSIGM  PMSt  AM)  DRUD  TW 

’ rmxmtmtn  and  caHsnucrtoii  phask  op  a pmotoitpi  j 

DCP  SYSTm  CAPASU  Of  SCtlDIFTINC  42  XltOCKAHS  OP 
SILICSM.  W AU  IHPISl'ICATIMC  TMS  CtlTtCAL  XUBtSlir 
•BCKSSAKT  TO  DOOMSTItAn  MtGM  TMOUCaPVT  CAPASIUTT 

EVALUATt  AID  IMVXSTtCATX  TCS  CtITICAL  KumMTS 
NECESSAKT  POM  HIGH  THIOOGBrVT  UCF  STSTIMS. 

Principal  Areas  of  Research 

A.  FU.m'tllTAL  STUDIES  OF  SLTICRYSTALLKC  IttTERlAL 

B.  HIGH  EFFICIL.TCY  SGIICRYSTALLIJIE  S0LA1  CELLS 

C.  WF£.'1.J6  •lECHA.'IISilS 
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Areas  of  Fundamental  Study 

CRYSTALLIIATION 

InVESTIGATIOK  of  the  role  of  HICROSTRUCrjRE  ON  THE 
PERFORNANCE  OF  SEHtCRYSTALLINE  SILICON^  HOST  NOTABLY 

through: 


mu  O.RIE<TAT!OH  STUilIES.  AH!) 
IKVESTIGATIiKJ  OF  STRUaURAL  i:«- 
HOnOGBCITIES 


CHARACTERIZATION 

Develophent  of  techniques  for  the  characterization  of 

SENICRYSTALLINE  SILICON  FOR  BOTH: 

RESISTIVITY 
CARRIER  LIFETIKE 


Crystallization 

PURPOSE:  TO  XIERilIiC  THE  ROLE  OF  GRAIii  VOLUTES  A.0  6RAI.I 

BOUNDARIES  OR  THE  QUALITY  OF  SE.TICRYSTALLI.IE 
MATERIAL. 

APPROACH:  DETERUI.IATIOK  OF  THE  RELATIVE  ORIETTATIOH  OF  .lEIGh 

B0.T1NG  CRYSTALLITES. 

I.WESTI6ATI0:j  of  the  I.’iPACT  OF  NICROSTRUCTURAL 
JEFEaS  0;j  CELL  PROPERTIES; 


I:DIVIDU.AL  DISLOCATiaiS 
DISLOCAnOH  SUBSRAI.T  BOU.a'JlIES 
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Relative  Positions  of  Grains  in  Sample 
Semicrystalline  Material 


LARGE-AREA  SILICON  SHEET  TASK 
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ORIENTATIONS  OF  GRAINS  1 and  2 IN  SAMPLE  SEMICRYSTALLINE  MATERIAL 
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Second  Order  Orientation  Relationship  of  Grains 
1 and  2 in  (111)  Twin  Geonetry  Relative  to  a Third 
Grain 
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Orientation  Relationship  for  Grains  1 and  3 of  90^ 
Rotation  About  Nearly  Coanon  <112>  Axes 


i 
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Grain  Z 


Scanning  Photoresponse  Pattern  of  an  Area  of  a 2cb  x 2co 
131  AMI  Efficient  Cell  Shoving  the  Location  of  the  Grain 
Boundaries  and  an  Area  of  High  Dislocation  Densitv 
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Grain  A 


Grain  B 


Scanning  Photoresponse  Pattern  of  an  Area  of  a 
2cm.  X 2cm.  Cell,  No.  4726-C3-4,  Including  the  Location 
of  the  Electrically  Inactive  Grain  Boundaries 
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Second  Order  Twin  Relationship  of  Grains  x ai>u  2 
Oriented  to  Give  (04T)j^  and  {2Ti)  2 Skew  Reflections 
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Conclusions 

If!  I'CP  son  CRYSTALLINE  SILICOIL  HOST  GRAIN  ORIENTATIONS  APPEAR 
TO  BE  CRYSTAaOGRAPHICALLY  RELATED  BY  A rlULTiPLE  ORDER  TWIN- 
NING REUTI3NSHIP,  AND  HOST  GRAIN  B0U?IDARY  INTERFACES  ARE  CRYSTAL- 
L06RAPHICALLY  DETER.TINED.  AS  LONG  AS  THE  CRYSTALL06R.APHICALLY 
DETERHINED  BOUNDARIES  CONTAIN  NO  DISL0CA7  lOIIS,  THE  BOUNDARIES 
SHOW  NO  DELETERIOUS  EliCTRICAL  BEHAVIOR. 

BECAUSE  OF  THE  LARGE  6R,M.f  SIZE  OF  THIS  HATERIAL.  AND  THE  LOh 
DENSITY  OF  NON-CRYSTALL06RAPHICALLY  RELATED  BOUNDARIES,  GRAIN 
BOUNDARIES  HAVE  A niNIHAL  EFFECT  ON  THE  PHOTOVOLTAIC  PROPERTIES 
OF  SEUICTYSTALLINt  SILICON. 

MINIMIZING  INTERNAL  GRAIN  DEFECTS  THEN  BECOMES  THE  KEY  TO  HIGH 
W.AFER  QUALITY. 


IHE  INTERNAL  GRAIN  ORDER  IS  AFFECTED  BY  MANY  FACTORS  INCLDD 
IN6: 


Inclusions 

li^DIVIDUAL  LISLOCA.  ions 
Impurities 

Dislocation  subgrain  boundaries 

OcCASIOi^LLY,  THE  LARGE  CRYSTAL  WILL  DEVELOP  A SUBGRAIN  DEFECT 

structure.  This  structure  is  comprised  of  numerous  subgrains 

THAT  HAVE  .TRAIN  DIAMETERS  ON  THE  ORDER  OF  ONE  MILLIMETER  OR  LESS 
AND  APPEAR  TO  BE  ROTATED  BY  5°  - 7®  ABOUT  SPECIFIC  CRYSTALLOGRAPHIC 
DIRECTIONS  SUCH  AS  A <110)  AXIS, 
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Determination  of  Lifetimes  in  Semicrystailine  T 

PURPOSE: 

Develop  a contactless  technique  for  the  measurement 
OF  carrier  lifetimes  in  SEMIumTALLlNE  MATERIAL. 


UNIQUENESS  OF  APPROACH: 


r 

i 

f 

^ LARGE-AREA  SILICON  SHEET  TASK 


OF  POOR  QUAUTY 


Variation  in  Measured  Response  vs  Base 
Resistivity  and  Sample  Thickness 


LARGE-AREA  SILICON  SHEET  TASK 

Theoretical  Model 


OF  POOR  QL'ALITY 


ASSUMPTIONS 

High  Conductivity  L*ait 
0 » uc 

Exponential  CArriar  Distribution 
No  Diffusion  of  Carri^srs 
No  Surface  Recombination  Velocity 
Carriers  Decay  Exponentially  with  Tiee 

• -t/T 

N(t)  - • 
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Transmission-Line  Model 


Carrier  Distribution 


Asflsction  Cosfficisnt 


L o 


Aef leered  Power 
- RR 


M -j, 

irlormaTixea  Hoduletinn 

A- 


V * V 
M - ''m 


o o 
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Normalized  Modulation  Calculated  vs  Base 
Resistivity  and  Sample  Thickness 


or.  u..:,'L  PAG-  IS 

LARGE-AREA  SILICON  SHEET  TASK  QUALITY 

L 

l! 

Change  in  Reflected  Power  With  Time 


Conclusions 

This  IS  A RELIABLE  TECHNIQUE  FOR  THE  CHAWCTERIiATION  OF  SEMI- 
CRYSTALLINE  MATERIAL.  THE  MODEL  ACCURATELY  POICTS  THE  OB- 
SERVED BEHAVIO.R  ASSOCIATD  WITH  CHANGES  IN  BASE  RESISTIVITY  AilD 
SUBSTANTIATES  THE  ELiPIRlCALLY  OBSERVED  BEHAVIOR  FOR  THE  PREDICTION 
OF  CA.tKIER  LIFETIMES. 

SURFACE  PASSIV.ATIOf!  IS  i€C£SS.ARY  TO  OBTAI.'I  CONSISTtiT  A.TD  MEAN- 
INGFUL RESULTS. 

THE  MEASURED  DECAY  TIME  IS  SOliE  MULTIPLE  OF  THE  QRRIER  LIFETIME. 
DEPEilDLn  UPOiJ  THE: 

SAMPLE  TKICK.ESS 
BASE  resistivity 
ILLUniNATIO.N  I.TTENSITY 
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PREDICTED  CUTTING  RATE,  MH/mIM 
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Watering  Mechanisms 

PURPOSE:  TO  DETEWIfiE  IF  THE  HSHBS  HAFERIKG  TECHIWLOGY  IS  A 
VIABLE  METHOD  FOR  THE  ECONOMICAL  PRODUCTION  OF  SHEET 
SILICON  FOR  PHOTOVOLTAICS. 

High-Speed  MBS  Saw 


0.05  0.10  0.15  0.20  0.25  0.30  0.35  0.40  0.45  0.50 


ACTUAL  CUTTING  RATE,  MN/MIN 
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AVERAGE  CUTTING  RATE,  ft1/HIN 
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Miyh-Speed  MBS  Saw:  Average  Cutting  Rates 
(Complete  Runs  Only) 


3 

oc 


cc 


s 

nc 


Con  ;lusions 

WITH  THE  HIGH  WTERIALS  COST  ASSOCIATED  Hlirf  THE  UBS  TECHNOLOGY 
A CUniNG  RATE  OF  L¥/HR.  IS  NECESSARY. 


BASD  UPON  THE  RESEARCH  PERFORMED  THUS  FAR,  IT  WOULD  BE  NECES- 
SARY TO  SUSTAIN  A CITTING  RATE  OF  3.5  !T1/MIN. 

THE  CURRENT  TECHNOLOGY  IS  NOT  CAPABLE  OF  MEETING  THIS  CRITERIA. 
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ADVANCED  CZOCHRALSKI  INGOT  GROWTH 

KAYEX  CORP. 


ADVANCED  CZOCHRALSKI 
IN60T  GROWTH 

KAYEX  CORPORATION 
APRIL  22.  1982 

GOALS: 

STATUS: 

GROWTH  OF  150  KG  OF  INGOTS  FROH 
ONE  CRUCIBLE  USING  PERIODIC  MELT 
REPLENISHMENT 

ONE  150  KG  RUN  PERFORMED  DURING 
THIS  CONTRACT 

DIAMETER  15  CM 

ACHIEVED 

THROUGHPUT  - 2.5  KG/HR 

1.A6  KG/HR.  150  KG  RUN 

RECHARGE  MELTING  RATE  25  KG/HR 

14.3  KG/HR 

AFTER-GROWTH  YIEID  SOX 

ACHIEVED;  52X  MONO.  BALANCE  POLY 

MICROPROCESSOR  CONTROLS  PLUS 
IMPROVED  SENSORS  FOR: 

MELT  TEMPERATURE 
DIAMETER 
MELT  LEVEL 

CONSTRUCTED.  INTERFACED  A DEMONSTRATED 

PROTOTYPE  EQUIPMENT  FOR  HIGH  VOLUME 
PRODUCTION.  TRANSFERABLE  TO  INDUSTRY 

JPL  MOD  2000  CG6000 

RLL  4/22/82 
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ADVANCED  CZOCHRALSKI 
INGOT  GROWTH 

KAYEX  CORPORATION 
APRIL  22.  1982 

APPBOflCU: 

STATUS: 

CONSTRUCT  AN  IMPROVED  CRYSTAL 
GROWER  HAVING  THE  PERFORMANCE 
REQUIRED  TO  ACHIEVE  GOALS 

INGOT  SIZE  ACHIEVED.  BUT  NOT 
THROUGHPli 

CONSTRUCT  AN  AUTOMATED  SYSTEM 
WHICH  WILL  OFFER  RELIABLE 
PERFORMANCE  LEADING  TO  IMPROVED 
YIELDS  AND  REDUCED  LABOR  COST 

SYSTEM  OPERATIONAL  - INSUFFICIENT 
DATA  TO  CONFIRM  YIELD  t LABOR 

CONDUCT  PROCESS  DEVELOPMBIT  ON 
LARGE  SIZE  CRYSTAL  GROWTH.  MELT 
REPLENISHMENT  AND  IMPROVED 
THROUGHPUT  AND  YIELDS 

INGOT  SIZE  6*  DIA  x 37-1/2  KG 
ACHIEVED 

THROUGHPUT  BELOW  TARGET 

CONDUCT  PARALLEL  ANALYTICAL  PROGRAM 
TO  HELP  UNDERSTAND  THE  PROCESS 

FURNACE  GAS  ANALYSES 
CRUCIBLE  DEVITRIFtCATION  STUDY 
SOLAR  CELL  FAB  AND  TEST 

RLL  4/22/82 
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Advaaced  CsochraXskl  Growth 
For  Techaoloty  laodloeat 


Task  Dascriptloii 


1980^  •01911 


"fcrporatlon" 
.'VsU  2i.  1991 


LARGE-AREA  SILICON  SHEET  TASK 
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Program  Plan 

THE  PROGRAM  PLAN  CONSISTS  W,  PIRST^  A CONSTRUCTION  PHASF..-  WHICH 
MAS  COMPLETED  IN  THE  FIRST  FIVE  MONTHS. 

A PARALLEL  SENSOR  DEVELOPMENT  PROGRAM  WAS  CARRIED  OUT  INITIALLY  ON 
A SECOND  COMMERCIAL  MACHINE  AND^  SUBSEQUENTLY^  THE  SENSORS  WERE 
INTERFACED  TO  THE  JPL  FACILITY. 

FOR  A PERIOD  OF  TIME  IN  _ATE  1981,  VERY  LITTLE  EFFORT  WAS  EXPENDED, 
EXCEPT  FOR  THE  CONTINUED  DEVELOPMENT  OF  THE  GAS  ANALYSIS  SYSTEM. 

FOR  THE  LAST  SEVERAL  MONTHS,  THE  EFFORT  WAS  REDIRECTED  THROUGH  A 
TDM  TO  EMPHASIZE  PROCESS  UNDERSTANDING  RATHER  THAN  EXTENSIVE 
DEMONSTRATION  OF  150  KG  RUNS. 

THE  EXPERIMENTAL  WORK  IS  NOW  COMPLETE  AND  THE  FINAL  DOCUMENTATION 
IS  IN  PROCESS. 
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Solar  Efficiency  vs  Kilograms  Grown 


LARGE-AREA  SILICON  SHEET  TASK 
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ADVANCED  CZOCHRALSKI 

KAYEX  CORPORATION 

INGOT  GROWTH 

DOE/JPL  955733 

PROBLEMS  - 

CONCERNS 

PROBLEM  AREA 

beesoaqi 

OYIELD  OF  MQNOCRYSTAU  LONER 
EFFICIENCY  OF  POLY  MATERIAL 

• STUDY  STRUCTURE  LOSS  MECHANISMS, 
PRIMARI!  Y MELT  CONTAMINATION 

- CRUCIBLE  DISSOLUTION 

- CRUCIBLE  DEVITRIFICATION 

- GAS  MBIENT  PURIH  1 FUM 

•THROUGHPUT  S REUTED  TO  RATE 
LIMITING  FACTORS 

• IMPROVE  HOT  ZONE  DESIGN 

- MELTING  RATE 

- CORKSCREWING 

- STABILIZATION  OF  MELT  TEMPERATURE 

- FURTHER  MORK  WITH  RADIATION 
SHIELDING 

- TEFPERATURE  PROFILING  OF  MELT 

- IMPROVED  TUNING  OF  MICROPROCES- 
SOR TO  SPEED  UP  STABILIZATION, 
SEEDING  AND  NECKING 

ADVANCED  CZOCHRALSKI 

ENERGY  DISPERSIVE  X-RAY  ANALYSIS  OF  ROSETTE  DEFECTS 
ON  INNER  SURFACE  OF  USED  CRUCIBLE 


COMPOSITION  AT  RIH  OF  DEFECT 
ATOMIC 


HEIGHT 

ATOMIC 

OXIDE 

OXIDE 

ELEMENT 

mm 

ECfiCQH 

EfifiHiLA 

EEBCEHI 

Si 

87.39 

89.92 

S1O2 

91.53 

S 

1.97 

1.78 

SO, 

2.52 

Cl 

5.15 

5.01 

Cl 

3.11 

K 

2.91 

2.15 

K2O 

1.75 

Ca 

1.58 

1.14 

UO 

1.09 

2.  COMPOSITION  OF  CENTER  OF  DEFECT  AND  BULK  S1O2  GLASS  CONTAINED  NO 
DETECTABLE  IMPURITIES. 


Ra  4/21/82 
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[ CO  and  H2  vs  Run  Time 

i 

IN  AN  ATTEMPT  TO  UNDERSTAND  THE  MECHANISM  OF  STRUCTURE  LOSS,  NE 
HAVE  CONSTRUCTED  A DEVICE  WHICH  SAMPLES  AND  ANALYZES  THE  GROWER 
EXHAUST  GAS  FOR  CARBON  MONOXIDE,  HYDROGEN,  AND  WATER.  IF  CARBON 
IS  CONTAMINATING  THE  MELT,  IT  HILL  BE  CONCENTRATED  IN  THE  RESIDUAL 
I MELT  AND  COULD  LEAD  SUBSEQUENTLY  TO  SILICON  CARBIDE  PRECIPITATION, 

[ AS  MORE  AND  MORE  CRYSTALS  ARE  GROWN. 


CARBON  MONOXIDE  HAS  BEEN  FOUND  IN  SURPRISINGLY  HIGH  CONCENTRATIONS, 
AND  IS  A FUNCTION  OF  TEMPERATURE.  APPROXIMATELY  SOOO  PPM  ARE  SEEN 
DURING  MELTDOWN. 
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MATERIAL  CHARACTERIZATION 

CORNELL  UNIVERSITY 


TKHNOiOOY 

URGE  AREA  StLICON  SHEET  - AMALTSIS 

tCrOtTOAIt 

April  17.  I9R2 

AfftOACM 

STAIUS 

^ Optical  Microscopy  and  Etching- 

• EFG 

TEM  and  STEM  analysis  of  defects  in 

• Transaissi^  Electron  Microscopy 

processed  EFG  completed.  Chemical  mahe 

• Electron  beam  Induced  Current  Microscopy 

up  of  large  precipitates  identified. 

^^g^|jj^^j|J^^alysis  (e~*  ion,  neutron. 

• WEB 

aass  spec). 

RT  EBIC  of  processed  WEB  conpleted. 

Cornell  University/Naterial  Science 

Temperature  dependent  EBIC  being  carried 

OOAIS 

out  to  determine  local  energy  levels. 

* Characterize  structure  and  chenical 

Rutherford  backscattering  conpleted. 

conpositson  of  point,  line  and  planar 

defects  in  un-processed  LASS  naterial. 

• HEM 

• Characterize  structure  and  chemical 

Optical  Microscopy  and  etching  completed 

composition  of  point,  line  and  planar 

EBIC  completed. 

defects  in  processed  LASS  material. 

• NEM  ANALYTICAL  TOOLS  ADDED  SINCE  UST  PIl 

• Evaluate  crystal  grouth/defect  relation 

n JEOL  200  CX  STEM  with  EDX 

• Evaluate  processing/defect  relation. 

2)  Temperature  dependent  EBIC 

5)  General  lonix  Accelerator  for  back- 

scattering  analysis. 
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Oh  poor:  QUALITY 

Coherent  Twins 

• 6o°  rotation  on  (111)  plane 

- perfect  first  nearest  neighbor  fit 

• Periodicity  of  three 

- SIGMA  3 boundary 

• Small  deviations  from  ideal  twin 
are  accomodated  by  DSC  dislocations 

b - (a/6)  112 

These  dislocations  are  the  analogue 
of  complete  dislocations  in  small 
angle  grain  boundaries. 

• Dislocations  are  necessarily  associated 
with  a step  in  the  boundary 

presents  possibility  to  study  effects 
of  jogs. 

c c c*«t 

etc 

t • » » » 

A A h A ft 
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Twist  Boundaries  » 

Network  ot  scfew  dislocations 


r 

On  (111)  dislocations  react  to  form 
hexagonal  networks  - low  angle  - twin 
relation. 
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I till  r,%.  J . 

I9^9 


liiVNMa  25 

409  422 


Fig.  7.  As  Fig.  6 but  with  overlapping  disUKationt.  thus  forming  double  disIocAtiont. 


\(9i  = 31^35' 


arccos  23/27)  the  model 


Thus, 
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Proposed  Bodel  for  / tlTOJ 

GBP  - (552),;  (TT2), 


w 
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l^liVNHa  25 

409  472 


#•  • 4toms  at  hai^ht  0 r 

Fig.  5.  Projection  on  (\I»  ^ of  a symmetrical  tilt  boundar)'  with  till  axis  (1 10].  angle  of 
tilt  d%  * 26*32'  and  median  plane  (110).  The  height  of  the  atoms  above  the  plane 
of  projection  is  expressed  in  i « 2.  where  m is  the  lattice  constail. 


t.  DISLOCATIONS  AND  TWIN  BOUNDARIES 

As  has  been  shown  in  Fig.  13(c),  a shift  of  the 
Itvin  boundary  involves  a partial  dislocation.  A 
shift  of  one  (double)  atomic  plane  involves  a partial 
oi  type  I,  •»  shift  of  two  planes  one  of  type  1 1,  a 
shift  of  thi.  planes,  however,  involxes  a lattice 
defect  of  a ditferent  kind  The  possible  structure  of 
it  is  showf  in  Fig.  19(a)  for  the  diamond  lattice  and 
in  Fig  19(b)  for  the  f.c.c.  lattice.  \ji$  no  dislocation 
at  its  Burgers  vector  is  sero.  * 
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Summary 


SIGMA  • 3 

o BOUNDARY  PER  SE  NOT  ELECTRICALLY  ACTIVE 
o ELECTRICAL  ACTIVITY'  CORREUTES  WITH  PRESENCE 
OF  PARTIAL  DISLOCATIONS, 
o PARTIAL  DISLOCATIONS  SHOW  ENHANCED  ACTIVITY 
COMPATIBLE  WITH  JOG  MODEL 
O EVIDENCE  FOR  KINK  ACTIVITY  FROM  CURVED  PARTIALS. 

SIGMA  - 9 

o II1/II5  TWIN  SHARES  HABIT  PLANE  WITH  FIRST  ORDER 
TWIN  - FREQUENTLY  MIS- IDENTIFIED  AS  THE  LATTER, 
o ELECTRICAL  ACTIVITY  COMPATIBLE  WITH  BROKEN  BOND 
MODEL. 

o ALTERNATING  SECTIONS  GIVE  DOT-LIKE  EBIC  CONTRAST 
SIMILAR  TO  PARTIAL  DISLOCATIONS  IN  FIRST  ORDER  TWINS. 

SIGMA  • 27 

o CHARACTER  OF  BOUNDARY  DEPENDS  ON  BOUNDARY  PLANE 
VARIES  OVER  SHORT  DISTANCES  ( 0.1  um 
o UNSYMMETRIC  CBP  CORRELATED  TO  DISSOCIATED  BOUNDARIES: 
SICMA27  - SIGMA9  • SIGMA  3 
o MICROFACETTING  IN  ACCORDANCE  WITH  HORNSTRA. 

0 UNDISSOCIATED  BOUNDARY  ON  SYMMETRIC  GBP  HAS  STRUCTURE 
OF  S and  7 MEMBEREO  RINGS  SHOULD  LEAD  TO  CAP  STATES. 
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Summary  of  Sigma  = 27 

0 Undissociated  2SS/2SS  is  synnetric. 
and  located  on  second  highest  density 
CSL  (highest  IIS/IIS) 

o Dissociated  section  is  un>sysinetric. 

Conponents  :SyMiatric  SIGMA  9 112/112 

(2  nd  highest  after  111/llS) 

0 Largest  facet  is  SIGMA  S 111/111  coherent 
twin 

0 Other  facet  probably  111/115 

0 3 Step  periodicity  correlated  to  stacking 

sequence  - Hornstra  nodel  of  atonistic  faceting. 
(Irocknan) . 
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Techniques 


EBIC  contrast  of  grain  boundaries  can  be 
calculated  by  solving  the  3-D  diffusion  equation 
under  the  following  assumptions  (J.Marek) 

o recombination  velocity  at  the  boundary  plane 
o Rplt.  depletion  layer  thickness. 


Typical  operation  conditions  for  10  cm  Si 
d slym 

Rp  s»6um  (30  Kev) 

Maximum  contrast  when  Rp  =L. 
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X (om) 

\ 


After  Leamy  et  al. 


^ E 


tVACccU^ 


U 
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I Web 

A 


p 0 Contains  one  or  several  twin  planes 


in  center  plane  of  ribbon 


0 Shallow  bevel  allows  EBIC  iiaaging  of 
dislocation  network  on  these  twins 

0 Rotational  misfit  of  seconds  of  arc 
results  in  sufficiently  large  spacing 
to  be  resolved  by  EBIC. 


J 

g 
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QUALITY 


2^784  50S2 

50  0 lT=  65€  CT=  E€2  4098FS  5€2  0 

Rjthtrford  BQCkscQtHTing 
: MdV  15  pC 

Processed  W^b  Oil 
Si  (11!) 


50  0 


1S412  50SI 
LT=  5956  CT=  5960 


1%  562  0 


Rutherford  BocKscottering 
1 MeV  SOpC 

hrocossed  Web  Cell 

S.  011^ 


Mo 
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Problems  and  Concerns 


• Statistics  of  Results  . 


Ti»e  and  nanpowcr  restrictions  confine  analysis  to  a few  specinen 
of  a given  naterial.  Thus,  sone  caution  aust  be  exercised  when 
applying  results  vo  the  population  as  a whole,  especially  for 
naterials  in  which  the  crystal  growth  and  processing  techniques 
are  continuously  refined. 
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GRAIN  BOUNDARY  INVESTIGATION 

^ JET  PROPULSION  LABORATORY 

L.J.  Cheng 

Participants 

LI-JEK  CHENG 
GERRY  CROTTY 

i 

TAHER  DAUD 

( 

KATHY  DUMAS 
SANDY  HYLAND 
TOM  MkCONNELL 
RINDGE  SHIMA 
CH IN-MI  IN  SHYU 
KATE  STIKA 

\ 

Objective 

TO  DEVELOP  BETTER  POLYCRYSTAUINE  SILICON  SOLAR  CEUS 
THROUGH  BETTER  UNDERSTANDING  OF  THE  BEHAVIOR  OF  GRAIN 
BOUNDARIES  IN  SILICON 


Approach 

EXPERIMENTAL  STUDIES  ON  SAMPIES  OF 

• LARGE  GRAIN  SILICON  INGOTS 
(WACKER.  SEMIX.  AND  HEM) 

• CZ  BICRYSfALS  WITH  CONTROLLED 
LATTICE  MISMATCH 
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• CARRIER  RECOMBINATION 

• TRAPPING  STATES 

• ATOMIC  TRANSPORT  PHENOMENA 

• ENHANCED  DIFFUSION  OF  IMPURITIES 

• IMPURITY  GETTER ING 

• EFFECTS  ON  SaAR  CELL  PERFORMANCE 

Energy-Band  Diagram  at  Boundary  Region  for  p-Type  Si 
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Experimental  Arrangement  for  Zero-Bias 
Conductance  Measurements 


VARIABU 

TEMPERATURE 

CRYOSTAT 


Temperature  Dependence 
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Potential  Barrier 

RESULTS: 

• CONSIDERABLE  VARIATION  IN  E^  ALONG  GRAIN  BOUNDARIES.  PRESUMABLY 
DUE  TO  VARIATION  OF  LOCAL  DISORDERS 

• INCREASE  OF  E^  WITH  ANNEALING  TEMPERATURE.  LIKELY  DUE  TO  LOCAL 
DEFECT  CHANGES  AND  IMPURITY  GETTER ING 

• DECREASE  OF  ^ WITH  LIGHT  INTENSITY.  CAUSED  BY  MINORITY  CARRIER 
TRAPPING 


! 

T 

I 

I 
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Light  Effects  on  Grain  Boundary  Properties 


• DECREASE  OF  Q 

• INCREASE  OF  Gq 

• CREATION  OF  CARRIER 
RECOMBINATION  CURRENT 
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UNDER  ILLUMINATION, 

^ - I - I 

dt  ’ '*ma|  ' ■'mln 

‘Jfnai  • •'mln  M 0JUILIBRIUM) 

AND,  IN  THE  DARK  AFIER  THE  LIGHT  IS  OFF. 

^ - J 
dt  ■’maj' 

WHERE 

J^a]-<2cA-B)exp(-IEp>0Bj//1cTI 

Oe 

6 

RECOMBINATION  VELOCITY  AT  THE  GRAIN  BOUNDARY 
c Vin 

Electrical  Properties  of  Grain  Boundaries 


Saaple 

No. 

(e9) 

®0  2 
(aho/a^) 

(1?? 

0 2 
(V) 

1* 

S 

(a/sl 

51 

0.55 

5.98x10^ 

0.12 

5.66xl0“* 

0.661 

2.5 

1 

6.4 

59 

0.10 

2.45x10^ 

0.02 

2.22xl0“* 

1 

0.88 

1.81  1.09 


*1  • Light  iotensity  which  creates  an  equIlibriiM  nlnarlty  carrier  density  of 
1.08x10^*  electrons/*^  In  the  bulk  of  the  saaple. 
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Recombination  Velocity 


RESULTS: 

• DEVELOPED  A TECHNIQUE  USING  PHOTOCONDUCTIVITY  IN 
CONJUNCTION  WITH  <^b0  <D)  AND  Q(D)  MEASUREMENTS  F0;< 
THE  MEASUREMENT  OF  MIKORITY  CARRIER  RECOMBINATION 
VELOCITY  AT  THE  GRAIN  BOUNDARY 

• OBSERVED  INCREASES  OF  S WITH  BOUNDARY  STATE 
DENSITY  AND  LIGHT  INTENSITY 


Experimental  Arrangement  for  DLTS  Measurements 
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TEMPERATURE  PK) 


G.22  a32  a41 

LEVEL  LOCATION  ABOVE  E^ 


Distribution  of  the  Density  of  States 


LOCATION  (eV  ABOVE  E l 
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Si; 


POOR  QUAUl? 


Electronic  States 


RESULTS; 

• DEMONSTRATED  THE  APPLICATION  OF  DEEP  IfVEL  TRANSIENT  SPECTROSCOPY 
(DLTS)  IN  THE  STUDY  OF  ELECTRONIC  STATES  AT  GRAIN  BOUNDARIES  OF 
SILICON 

• OBSERVED  A TREND  THAT  THE  DENSITY  OF  GRAIN  BOUNDARY  STATES  IS 
GENERALLY  INCREASING  WITH  THE  DISTANCE  FROM  THE  EDGES  OF  THE  BAND 
GAP.  HOWEVER,  THE  DETAILS  VARY  CONSIDERABLY  FROM  SAMPLE  TO 
SAMPlf  WHICH  C..N  BE  ATTRIBUTED  TO  LOCAL  VARIATION  OF  DISORDERS 


Cross  Section  of  Phosphorus- Diffused  Poly  crystalline  Silicon 


Cross  Section  of  Grooved  Sample  at  Grain  Boundary 


5f< 


OLifitn 


^.9 


Enhanced  Diffusion  of  Phosphorus 
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Depth  of  Diffused  Regions  at  Grain  Boundaries 


Enhanced  Diffusion  of  Phosphorus 


RESULTS: 

• THE  GROOVING  AND  STAINING  TECHNIQUE  IS  A SUITABLE  METHOD  FOR  THE 
OBSERVATION  OF  ENHANCED  DIFFUSION  OF  PHOSPHOROUS  AT  GRAIN 
BOUNDARIES  IN  SILICON 

• THE  ENHANCED  DIFFUSION  OCCURS  ONLY  AT  'HIGH-ORDER"  GRAIN 
BOUNDARIES,  GENERALLY  ASSOCIATED  WITH  HIGH  CARRIER 
RECOMBINATION 

• THE  DEPTH  OF  THE  ENHANCED  DIFFUSION  VARIES  DRASTICALLY  FROM 
BOUNDARY  TO  BOUNDARY,  WHICH  MAKES  THE  QUANTITATIVE  MEASUREMENT 
OrriCULT  UNLESS  THE  GRAIN  BOUNDARY  IS  WELL  CHARACTERIZED 
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Present  Activities  and  Plans 

• DENSIIY  OF  STA1ES.  RECOMBINATION  VELOCITY,  AND  BARRIER  HEIGHT 
AS  FUNCTIONS  OF  LAHICE  MISMATCH  AND  PROCESS  PARAME1ERS 
(INaUOING  PASSIVATION! 

• QUANTITATIVE  STUDIES  ON  ENHANCED  DIFFUSION  OF  PHOSPHOROUS 

• IMPURITY  BEHAVIOR  CARBON.  AND  OXYGEN! 

• EFFECTS  ON  SOLAR  CELL  PERFORMANCE 
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STUDY  OF  ABRASIVE-WEAR  RATE  OF  SILICON 

UNIVERSITY  OF  ILLINOIS  AT  CHICAGO 

J.  Clark 
O.S.  Lim 
S.  Danyluk 


nCNNOlOOV 

Properties  Nodlficetion 


t90if  OAli 

April  22,  1962 


ArrtOACH 

An  experiaentel  prograa  is  carried  out  to 
study  the  fundeuentel  aechuilsns  of  abrasion 
and  wear,  and  defomation  of  silicon  by  a slntle 
crystal  diaaond  in  various  fluid  environaents. 


CONItAClOA 

university  df  Illnoia  at  Chicago 


GOALS 

Develop  a aodel  for  surface-aechanical  property 
aodification  of  silicon  under  the  influences  of 
fluid  environaents 


SIAIUS 

The  abrasion  rate  and  d^th  of  daaage  of  (100) 
and  (111)  p-type  silicon  in  three  fluid  environ- 
aents  has  been  deterained.  The  surface  deforma- 
tion aechanisa  was  found  to  change  when  the  fluid 
was  varied. 

The  diaaond  geometry  affects  the  wear  rate. 

There  appears  to  be  a correlation  between  the 
wear  rate  and  the  dielectric  constant  of  the 
fluid.  The  brittle  lateral  crack  model  does 
not  appear  to  describe  the  wear  rates  aeasured. 


Introduction 

Optical  and  scanning  electron  microscopy  are  used  to  determine  the 
wear  rate  and  deformation  mechanism  of  diamond  abrading  (100)  and  (ill)  Cz 
silicon  in  water,  ethanol  and  acetone.  A multi-scratch  experiment  is  used 
to  determine  the  effects  of  normal  force  on  the  abrading  diamond  and  fluid 
on  the  abrasion  rate  and  depth  of  damage.  These  results  are  compared  with 
a lateral  crack  model  of  abrasion  of  brittle  materials. 
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Variables 

Fluid,  Temperature,  Voltage,  Photo- Irradiation,  Normal 
Force  » Orientation,  Abrasion  Speed. 

Data 

Groove  depth  vs.  variables,  SEM  of  groove  surface,  depth 
of  damage. 


Analysis 

Stress  analysis,  depth  of  damage,  lateral  crack  model. 


Summary  of  Results 

1.  Wear  rate  varies  by  ~100%  (acetone;  ethanol;  water). 

2.  Depth  of  damage  larger  for  water  than  ethanol. 

3.  (100)  and  (111)  wear  rates  rre  different. 

4.  Dielectric  constant  of  the  fluid  related  to  the 
silicon  hardness. 

5.  Lateral  crack  model  describes  wear  rate  when  Fj^  ^ 60 
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Changes  in  Surface  Hardness  of  Silicon 


Reference 

Effect 

Percent  Softening 

Comments 

Kuczynski 

and 

Hochman 

Photon 

irradiation 

70%  softening 

Intensity  and  surface 
preparation  iiq)ortant; 
microhardness  test 

Ablova 

H^O  adsorption 

Softening 

Surface  preparation 
and  impurity  content 
important;  microhard- 
ness test 

Westbrook 

and 

Gilman 

Potential  between 
indenter  and 
crystal 

60%  softening 

Disappeared  at  elevated 
temperatures;  micro- 
hardness test 

Yost 

and 

Williams 

NaCl  and  Na.P,0_ 

4 2 7 

50-80%  softening 
depending  on 
concentration 

Zeta-potential 
measurements  of 
crushed  silicon 

Cuthrell 

CCI4  and  H2O 
adsorption 

Not  determined 

Adsorption  changed 
mode  of  drilling 

This  work 

H2O,  ethanol, 
acetone  adsorption 

Up  to  70%  soften- 
ing dependent  on 
type  of  fluid  and 

Pyramid  diamond 
scratch  test 
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DEPTH  IN  CM  X 10'* 


The  spatial  dependence  of  the  residual  tensile  stress  along  a plane  through 
the  intersection  of  the  plastic  zone  with  the  penetration  axis:  the 
stresses  were  estimated  from  an  analytic  elastic/plastic  solution  for  a 
; spherical  cavity  and  an  elastic  solution  for  a half  space. 

L 
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Depth  of  Damage  From  Single  Scratch  Abrasion  on  Silicon 
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SOLAR  CELL  FABRICATION  AND  ANALYSIS 

APPLIED  SOLAR  ENERGY  CORP. 


TfCHNOlOOr 

SOiAR  CFll  FABRICATIOII  t ANALYSIS 

am>Rt  9ATf 

APRIL  22.  I?5>2 

ARfROACH 

II  FABRICAFION  OF  SOLAR  CELLS  BY  WSEUME 
A ADVANCED  PROCESSES  POSSMy  INCUntliK 

gettering  and  annealing. 

2)  /WALYSIS  USING  DAW(  AND  UGHT  I-V, 
niFRISION  LENGTH  HEASUREWNTS,  SPECTRAL 
RCSHWSE. 

CONTtACfOR 

APPLIED  SOLAR  ENERGY  CORPORATION 

STAlUt 

OOAIS 

1 ) AN  UNDERSTANDING  OF  THE  MECNANISMS  THAT 
LIMIT  Till  DEnClENCIES  OF  SOLAR  CELLS 
MADE  FRWi  VARIOUS  SILICON  SHEETS. 

2'  .AN  UriKRST.A.NDIN6  OF  THE  EFFECT  ON  SOLAR 
CELL  EFFICIKICY  OF  VARIATIONS  IN 
GROWTH  PARA^TERS. 

1.  EFG  (MOBILE  TYCO) 

10  CM  WIDE  MATERIAL  GROWN  WITH  OR  WITHOUT  CO2. 

2.  UCP  iSEMIX) 

HIGH  EFFICIENCY  PROCESS  ON  MATERIAL  FROM  INGOT  546A-i5C. 
MORE  SEVERE  GEHERING  ON  MATERIAL  FROM  INGOT  5iiW-13C. 

’.0  CM  X 10  CM  CELLS  ON  MATERIAL  FROM  RANDOM  SOURCES. 

5.  HEM  (CRYSTAL  SYSTEM) 

MORE  SEVERE  6ETTERING  ON  MATERIAL  FROM  INGOTS  RlRlC  AND 
A148. 
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Summary  of  Solar  Calis  Made  From  EFG  1 7*200  Series 


! 

j 

AVE. 

583 

27.9 

78 

! 12.6 

|C2  CONTROL 

' S.D. 

t-A 

♦1 

1 t.2 

1 (H  CELLS 1 

RANGE 

; 27.A-28.3 

77 -7S 

! 12.3-12.9 

! 

1 

1 i 

1 

1 

A 


315 


m 


LARGE-AREA  SILICON  SHEET  TASK  ORIGINAL  PAS-  IS 

OF  POOR  QOAUfY 

Summary  of  Solar  Cells  Made  From  17-175  Series 


i 


LARGE-AREA  SILICON  SHEET  TASK 


Oi' ' ‘ 

OF  POOR  QUALITY 

Distribution  of  J3Q  on  EFG  Ribbon  1 7-1 75‘1  E-52 


r 


UCP  Ingot  No.  5848-1 3C 


jf  <1-  x^.5- 


TNE  CELL'S  f AID  THEIR  RELATIONS  T0*THE  ORIENTATION  OF 
THE  QUARTER  INGOT  ARE  NARKED 


ORIGIMAL  PAGE  IS 
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Average  Efficiency  of  Different  Layers  of  Ingot  5840-1 3C 


Summary  of  SJ,  BSF  and  MLAR  Cells  From  UCP  Ingot  5848-1 3C 


ORI65NAL  ;;i 

LARGE-AREA  SILICON  SHEET  TASK  OF  POOR  QUALITY 

Average  Jsq  of  Different  Layers,  Ingot  5848-1 8C 


Summary  of  Jjq  From  Cells  From  More  Severe 
Gettering  Tests  lUCP  Ingot  No.  5848-1 3C) 


Gettering  Treatment 

Vafer 

Ave,  3sc  (mA/cm^) 

3sc^  of  The  Cell 
Covered  With  SiOj , 

None 

1/3 

22.3 

2/3 

23.7 

S75“C  >»  Hr. 

1/3 

24.6 

24.7 

2/3 

24.3 

244  ! 

»7J®C  1 Hr. 

1/3 

23  5 

i 

i 2/3 

34.3 

i 2*-*  ! 

9V)**C  1 Hr. 

1/3 

27,0  ; 

1 

244 

: 

H.3  \ 

23.9  j 

CZ  Ccntrol  (No  Treetmenil 

28.3  1 

- 

10>0®C  1 Hr. 

26.2 

23.9 

1 CZ  Control  'No  Treatment J 

2S.2  j 

- 

•Jac  ol  thi#  c*U  cf»v«rtd  with  CVO  SIOj  during  guttering  diffusion. 
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CR1G;N-‘-  Ff-GE  IS 

OF  POOR  QUALITY 


Results  of  Light-Bias  Minority  Carrier 
Diffusion  Length  Study  on  Getter 


PROCESS 

m 

BwKnliiHH 

BB 

miaism 

jBASELiriE 

16 

17 

12 

imii 

— 

2-4 

29 

44 

60 

30 

2-8* 

29 

40 

87S°C  1 HR 

2-13 

159 

65 

72 

140 

GETTERING 

2-9* 

100 

60 

Mi 

2-12 

182 

89 

72 

167 

2-15* 

107 

49 

I050°C  1 HR 

2-12 

212 

116 

69 

244 

GETTERING 

2-9* 

135 

62 

81 

117 

CZ  CONTROL 

■ 

150 

152 

156 

137 

• CELLS  WERE  COVERED  WITH  SlOz  DURING  GETTERING  DIFFUSION. 

Summary  of  Results  From  10x10  UCP  Cells 
From  Random  Sources 


Voc  (mV) 

Jsc  (mA/oit^) 

CFF  iX) 

(X) 

AVE. 

553 

26.9 

72 

10.8 

1 S.9. 

6 

.9 

1 

.5 

' RANGE 

4 

546-558 

25.2-27.6 

72-74 

1 10.0-11.3 

AREA  - 98  on^  NO.  OF  CELLS  - 6 


Comparison  of  Jcq  From  HEM  Ceils  Gettered  for  1 h at  1050**C 
With  HEM  Baseline  Cell  From  Corresponding  Area 


INGOT  « 

i BASELINE  JSC 

41-41C 

i 25.6 

1 

41-48 

i 27.6 

28.1  1 

i 
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LN83  10521 

Environmental  Isolation  Task 

C.D.  Coulbert,  Chairman 

A review  of  the  scope  of  PV  module  encapsulation  technology  made 
available  to  the  industry  through  the  various  FSA-supported  contracts  and 
studies  under  the  Flat-Plate  Collector  Research,  Engineering  Sciences,  and 
Module  Performance  and  Failure  Analysis  Areas  shows  it  to  be  very  broad  (see 
p.  322).  This  technology  has  enabled  the  PV  industry  to  respond  with  module 
designs  and  hardware  with  the  potential  of  meeting  module  cost,  performance 
and  life  goal^.  However,  a review  of  these  specific  technology  areas 
continues  to  stress  the  need  for  continuing  module  durability  research  to 
define  module  life-limiting  degradation  mechanisms  so  they  can  be  quantified, 
predicted,  and  corrected.  In  these  early  days  of  PV  module  development,  the 
great  value  of  durability  testing  and  failure  analysis  has  been  to  identify 
design  weaknesses;  this  has  been  used  by  industry  to  develop  guidelines  by 
which  manufacturers  could  design  and  fabricate  higher-quality  hardware 
incorporating  fault-tolerant  design  features. 

Current  FSA  research  activities  are  focused  on  identifying,  modeling, 
and  quantifying  those  long-term  degradation  mechanisms  that  would  limit  the 
ultimate  service  life  of  a PV  module.  At  the  same  time,  research  is 
continuing  on  encapsulation  materials  and  processes  that  have  the  greatest 
potential  of  increasing  module  life  and  efficiency  and  effectively  reducing 
module  cost. 

The  following  visual  presentations  summarize  significant  progress  in 
these  areaa  during  the  reporting  period. 

Inasmuch  as  polymeric  encapsulant  material  properties  that  may  change 
with  long-term  field  exposure  do  not  necessarily  result  in  a corresponding 
module  damage  or  failure  mode,  it  has  become  necessary  to  organize  the 
failure-analysis  process  into  a more  specific  set  of  long-term  degradation 
steps  so  that  material  property  change  can  be  differentiated  from  module 
damage  and  module  failure  (see  pp.  324-325).  These  categories  allow 
separation,  testing  and  modeling  of  the  various  degradation  mechanisms  with  a 
clear  distinction  of  which  effects  interact  and  which  are  sequential. 

The  polymeric  aging  computer  model  being  developed  by  the  University  of 
Toronto  will  eventually  predict  what  physical  property  changes  may  occur  as  a 
function  of  exposure  time  and  environment.  Additional  analysis  and 
experimental  work  are  still  required  to  relate  polymer  property  change  to 
module  performance  loss. 

Encouraging  development,  in  increasing  module  performance  and  life  are 
indicated  by  the  data  on  module  surface  treatments  for  soiling  resistance,  by 
improved  bonding  techniques  and  primers,  by  anti7Corrosion  treatments  and  by 
improved  polymer  stabilizers. 

A new  photoacoustic  technique  for  very  early  detection  of  polymer 
surface  reactions  due  to  aging  is  being  developed  and  evaluated  at  JPL.  Such 
techniques  are  needed  if  the  20-year  potential  of  modules  is  to  be  assessed 
and  validated  based  on  correlating  field  tests  with  accelerated  tests  over  a 

limited  number  of  months  of  durability  testing. 
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ENVIRONMENTAL, ISOLATION  TASK 


OR!G:r:Ai  r* j 

OF  POOR  QUALITY 


ENCAPSULATION  TECHNOLOGY  AVAILABLE 


JET  PROPULSION  LABORATORY 


C.D.  Coulbert 


PV  MODULE  DESIGN 

DESIGN  ANALYSIS 

FAILURE  ANALYSIS 

• PERFORhANCE  REQ- 

• PERFORMANCE  EST- 

• PERFORMANCE  LOSS 

• LOADS  & HAZARDS 

• PHYSICAL  DURABILITY 

• WHAT  FAILED 

• AVAILABLE  MATERIALS  & 

ANALYSIS 

• WHY  FAILED 

PROCESSES 

• PREDICTED  PROPERTY 

• PROPERTY  CHANGE 

• DESIGN  ANALYSES  & 

CHANGES 

• PROGNOSIS 

GUIDELINES 

• NOCT/HOT  spot  TEMP. 

• CORRECTIVE  ACTION 

• LIFE  LIMITING  MODES 

• DESIGN  OPTIONS 

• PREDICTABILITY 

• QUALITY  CONTROL  RE- 

•  ACCEPTABILITY 

QUIREMENTS 

• DAMAGE  VS.  PROPERTY 

CHANGE 

• MODULE  WEAK  LINK 

Encapsulation  Materials  and  Processes 

0 SURFACE  TREATMENTS  BASED  ON  FLUOROCARBONS  FOR  LOW  SOU IN6  MODULE  COVERS  HAVE 
REDUCED  OPTICAL  LOSSES  FROM  lOX  UNTREATED  TO  3X  OVER  A TEN  MONTH  TEST  PERIOD. 

(TESTING  CONTINUES)  (SPRINGBORN) 

0 NEW  CURING  AGENTS  IDENTIFIED  FOR  EVA  AND  EMA  TO  REDUCE  CURING  TEMPERATURES  AND 

TIMES.  CURING  TIMES  MAY  BE  REDUCED  FuGM  15  MINUTES  TO  LESS  THAN  5 MINUTES (SPRINGBORN) 

0 CORROSION  RESISTANT  COATINGS  IDENTIFIED  FOR  MILD  STEEL  SUBSTRATE  PANELS.  TEST 

SPECIMENS  HAVE  SURVIVED  SALT  STRAY  FOR  3000  HOURS  WITHOUT  DETERIORATION.  (SPRINGBORN) 

0 EXPERIMENTAL  BONDING  PRIMER  SYSTEMS  DEVELOPED  AND  BEING  EVALUATED  FOR  BONDING  EVA 
AND  EMA  TO  POLYESTER  FILMS  AND  ALSO  PRIMERS  FOR  CORROSION  INHIBITION  OF  MILD  STEEL. 
(DOW  CORNING) 

0 ION-PLATING  AS  METHOD  FOR  NON-FIRED  METALLIZATION  (TI/AL-Cu)  ON  SOLAR  CELL  n-SURFACE 
DEMONSTRATED.  POTENTIAL  FEASIBILITY  FOR  p-SURFACE  SHOWN  EXPERIMENTALLY.  (ITW) 

0 TWO  NEW  POLYMERIZABLE  UV  STABILIZERS  FOR.MULATED  FOR  MODULE  ACRYLIC  COVER  FILMS  SHOW 
EXCELLENT  UV  CUT-OFF  SPECTRAL  CHARACTERISTICS.  (UNIV.  OF  MASSACHUSETTS). 
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ENVIRONMENTAL  ISOLATION  TASK 


ORIGINAL  PAGE  13 

OF  POOR  QUALITY 


Encapsuiant  Material  Stability 

. EVA  FORMULATION  A9918  HAS  SURVIVED  > 30,000  HOURS  (3.5  YR)  OF  RS/A  SUNLAMP  55°C 
EXPOSURE  WITHOUT  DAMAGE.  (SPRIN6B0RN) 

. ADVANCED  ENCAPSULANT  MATERIALS  (EVA,  PU,  HARDBOARD,  CONCRETE,  ETC.)  IN  MINI-MODULE 
TESTS  HAVE  ALMOST  TWO  YEARS  OF  FIELD  EXPOSURE  AND  PASSED  JPL  QUAL  TESTS.  (JPL) 

• SUBSTRATE  MODULES  WITH  EVA  AND  WOOD  HAROBOARD  SUBSTRATES  PASS  HAIL  IMPACT  TESTS.  (JPL) 

. NEW  DIAGNOSTIC  TECHNIQUE  (LASER  PHOTCACOUSTICS)  MEASURES  POLYMER  SURFACE  PHOTO 
OXIDATION  AND  CORRELATES  60-DAY  FIELD  EXPOSURE  WITH  lO-HOUR  LAB  TESTS.  (JPL) 

. FULL-SIZE  MODULE  TFST  FACILITY  FOR  ACCELERATED  UV  THERMAL  TESTING  COMPLETED  AND 
INITIAL  TESTS  IN  PROCESS.  (JPL) 

• MATERIAL  PROPERTY  (MOLECULAR  WEIGHT,  STRENGTH,  TOUGHNESS  AND  STABILITY) 

PREDICTION  BY  COMPUTER  MODEL  OF  POLYMER  MO' "CULAR  STRUCTURE  DEVELOPED  AND 
DEMONSTRATED.  (ROCKWELL  SCIENCE  CENTER) 

. MODULE  RESPONSES  TO  ENVIRONMENT  AS  A FUNCTION  ENCAPSULANT  PROPERTIES  AND  THICKNESSES 
PREDICTABLE  BY  COMPUTER  MODELING.  REDUCED  VARIABLE  MASTER  CURVES  DEVELOPED  FOR 
CELL  STRESS  PREDICTION  FOR  WIND  AND  TEMPERATURE.  (SPECTROLAB  AND  JPL) 

• COMPUTER  MODEL  OF  EVA  PHOTODEGRADATION  YIELDS  DEGRADATION  PRODUCTS  VS  TIME.  LONG 
INCUBATION  PERIOD  INDICATED  (5  - 10  YEARS).  (UNIV.  OF  TORONTO) 

• REPORT  ON  EXPERIMENTAL  PHOTOTHERMAL  CHARACTERIZATION  OF  CANDIDATE  POTTANTS  AND 
COVER  FILM  MATERIALS  EXPOSED  TO  UV  AND  AIR  UP  TO  105®C  COMPLETED  AND  IN  PUBLICATION. 
(JPL). 


Encapsulation  Requirements 

• OPTICAL  COUPLING 

• PV  CIRCUIT  INTEGRITY 

• STRUCTURAL  SUPPORT 

• ELECTRICAL  ISOLATION 

WHEN  ONE  OF  THESE  IS  VIOLATED 

YOU  HAVE  DAMAGE  AND  POTENTIAL  FAILURE 
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ENVIRONMENTAL  ISOLATION  TASK  ORIGINAL  PAGE  IS 

OF  POOR  QUALITY 

PV  Module  Failure  Analysis  Sequence 
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ENVIRONMENTAL  ISOLATION  TASK  POOR  QUALITY 


Durability  Analysis  Categories 


DESIGN  DETAILS  1 

MT'L  & CONFIG. 

TEST  CONDITIONS 

LOADS  ™P  ATM  H20  WND  MEC  VLT 

INTENSITY/TIME 

COMPONENT  COV  POT  PAN  EDO  PVC 

OR  MA1ERIALS 

LOCALITY  SRF  BLK  INT 

WHICH  OR  WHERE 

RESPONSE  OPT  STR  THM  aO  CHM  ELC 

QUANTITATIVE 

CHANGE  CHM  PHY  GEO 

MEASURABa/ViSIBa 

DAMAGE  OPT  ENC  PVC  ISO 

INTEGRITY 

FAILURE  OPT  PVC  ISO 

OrtRATIONAL 

PENALTY  PWR  NC-  HZD 

VALUE  LOSS 

J 

Example 

DESIGN  DETAILS  SENSOR  TECH  BLK  II 

CONF,  MTL  & FLAWS 

TEST  CONDITIONS 

INTENSITY/TIMt 

OR  MATFRIALS 

LOCALITY  (SPff"('BL^  (wf)  (BLib 

WHICH  OR  WHERE 

RESPONSE  (f)PTH^^^ 

REVERSIBa/OUANT 

=f^  ^5^  ^=5r^ 

YELLOW  FATIGUE/' — < 

CHANGE  (PHY)  near  terminals  strain  ^GEO)  (PH v 

MEASURABLE/VISIBa 

DAMAGE  (P^5 

INTEGRITY  VIOLATED 

BOTH  INTERCONNECTS  OF 
^ ^ SE'^IES  CELL  OPEN 

FAILURE  (PVC)  10  OF  TO  MODULES  IN  2SO' 

OrtRATIONAL 

PENALTY  (^ 

VALUE  LOSS 
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ORIGINAL  PAGE  IS 
OF  POOR  QUALITY 


MATERIAL  RESEARCH  AND  EVALUATION 

SPRINGBORN  LABORATORIES,  INC. 

Candidate  Pottant  Materials 

SHEET  LAI'.INATION  GRADES: 

. EMA 
EVA 

CASTING  SYRUPS: 

POLYBUTYL  ACRYLATE 
. ALIPHATIC  POLYURETHANE 

PHASES: 

. INDUSTRIAL  EVALUATION  GRADE 
. TECHNOLOGY  READINESS  STAGE 

CURRENT  WORK: 

. ADVANCED  CURE  SYSTEMS 
. THERMAL  AGING  EVALUATION 
. ADVANCED  STABILIZATION 


ENVIRONMENTAL  ISOLATION  TASK 


Pottants 


Quality 


INVESTIGATION  OF  fEROXIBE  CURING  AGENTS: 

. CURE  PCLYflER  TO  HIGH  GEL  CONCENTS 
CURE  IN  THE  RANGE  OF  120°C  TO  160°C 
WITH  NO  PRDWT'JRE  'SCORCH'  AT  110°C 
MUST  BE  SOLUBLE  IN  THE  RESIN  AND  NON- 
VOUTILE  to  prevent  LOSS 

. MUST  NOT  SENSITIZE  THE  AGING  OF  THE 
RESIN  (NON-AROflATIC^ 

»UST  BE  COMPATIBLE  WITH  THE  STABILIZERS 
AND  OTHER  INGREDIENTS 

. MUST  NOT  PRODUCE  CHEMICALLY  ANTAGONISTIC 
BYPRODUCTS  OR  RESULT  IN  BUBBLING 

GENERAL  MECHANISM: 

1.  RO-OR  — ^ 2 RO* 

2.  P-H  + RO* >P*  ♦ ROK 

3.  2P*  >P-P  (CROSSLINK' 

• TERTIARY  HYDROGENS  ON  THE  POLYMER  BACKBONE  MOST 
READILY  ABSTRACTED. 

• CURING  MUST  BE  CONDUCTED  IN  THE  ABSENCE  OF  OXYGEN 

TO  EE  EFFECTIVE  AND  TO  PREVENT  OXIDATION  OF  THE  RESIN. 
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ENVIRONMENTAL  ISOLATION  TASK 
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Pottant  Compounds 

ADVANCED  CURE  SYSTETIS  IN  EVA 


TWE  REQUIRED  FOR  70X  GEL  CONTENT 


CURE  TEMP. 

120 

130 

190 

150 

160 

LLIPEPSOL  101 

N/A 

N/A 

95 

15 

6 

LUPERSOL  99 

30 

20 

12 

8 

2 

LUPERSOL  333-80B 

15 

10 

5 

2 

2 

LUPERSOL  TEEC 

30 

10 

9 

2 

1 

ALL  PEROXIDES  COMPOUNDED  INTO  STANDARD  FORMULA, 
A99i8. 

NO  CURE  OCCURS  AT  11Q°C  WITH  ANY  PEROXIDE:  SHOULD 
SURVIVE  EXTRUSION  OK. 


ADVANCED  CURE  SYSTEMS  IN  EMA 

TIME  REQUIRED  FOR  501  GEL  CONTENT 


130^C 

190°C 

150®C 

LUPERSOL  101 

N/A 

60 

30 

LUPERSOL  99 

30 

15 

5 

LUPERSOL  331-80E 

15 

10 

5 

LUPERSOL  TEEC 

25 

5 

2 

ALL  PEROXIDES  TESTED  IN  STANDARD  FORMUU 
NO.  13939. 

NO  CURE  AT  llO^C  IN  ANY  FORMULATION:  SHOULD 
SURVIVE  EXTRUDER  OK. 
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ORIGINAL  PAGE  IS 
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NSW  CURING  AGENTS  FOR  EVA  AND  EMA 


Z 

ACTIVE 

ONE  HOUR 

HALF-LIFE 

TEMPERATURE 

FLASH 

POINT 

(VOLATILITY) 

LUPERSOL  101 

lOOZ 

138°C 

A3°C 

LUPERSOL  331-80B 

>5Z 

1U®C 

A0®C 

LUPERSOL  99 

75Z 

118°C 

77°C 

LUPERSOL  TBEC 

lOOZ 

120®C 

10l°C 

LUPERSOL  TBEC  CURING  AGENT  OF  CHOICE: 

. HIGHEST  CUPIfIG  EFFICIffiCY 
. lOOZ  ACTIVE,  NO  DILUENT 

. LOWEST  VAPOR  PRESSURE 

TECHNOLOGY  VOIDS: 

. PLANT  EXTRUSION  PUNS 

. SHELF  LIFE  DETERMINATION 

. COMPATABILITY  WITH  ADHESION  SYSTEM 

A.  LUPERSOL  TBEC  IS  0,0-t-BUTYL-0- (2-ETHYL  HEXYL)  PEROXY 
CARBONATE 
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ENVIRONMENTAL  ISOLATION  TASK 


ORIGINAL  PAGE  IS 
ETHYLENE  VINYL  ACETATE.  A99iS  OF  POOR  QUALIl'Y 

(COMMERCIAL  FORMULATION) 


CAVEAT: 

. CURING  AGENT  (PEROXIDE)  IS  SLIGHT!.''  VOLATILE 

KEEP  THE  EVA  IN  ROLL  FORM  WHERE  LOSS  IS  INHIBITED 

. DC  NOT  USE  CUT  SHEET  WHICH  HAS  BEEN  OPENLY  EX- 
POSED FOR  OVER  ONE  DAY 

ROLLS  APPEAR  TO  HAVE  INDEFINITE  SHELF  LIFE. 

NEED  TO  DETERMINE  PEROXIDE  LOSSES  VERSUS  TIME 
AND  STORAGE  CONDITIONS 
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ENVIRONMENTAL  ISOLATION  TASK  ^ QUALITY 

Butyl  Acrylate  Casting  Syrup 

FORMULA:  BA  13870 

. INDUSTRIAL  SAMPLES  AVAILABLE  - 
(LABORATORY  PROCESS) 


CURE  TIME  GUIDE 


25°C 

35°C 

50®C 

60°C 

70°C 

TIME  TO  ONSET  OF  STABLE^^^ 

STABLE^'^^ 

60 

25 

6.5 

CURE  (MINUTES) 

. PILOT  PLANT  QUANTITIES 

. INITIATOR  AND  DATA  SHEET  SUPPLIED  WITH 
EACH  REQUEST 

. PRIMER;  TENTATIVE  RECOMMENDATION 
SPRIN6B0RN  1A588 

(DOK  CORNING  Z-6020  WITH  TETRAETHYL 
SILICATE) 

ALSO  PROVIDED  WITH  REQUEST 

A.  STABLE  AT  LEAST  ONE  WEEK,  REFRIGERATION  SUGGESTED. 


331 


ENVIRONMENTAL  ISOLATION  TASK 


ORIGINAL  PAGE  IS 
OF  POOR  QUALITY 


Aliphatic  Urethane  Encapsuiant 

FORMULA : 2-2591 


. AVAILABLE  - DEVELOPMENT  ASSOCIATES,  INC. 

NORTH  KINGSTOWN,  R.I. 

. COST;  APPX.  $3.00  PER  POUND 

(MIXED  SYSTEM) 

. CONTACT:  MR.  BUD  NANNI6 

. PRIMER:  . TENTATIVE  RECOMMENDATION 

DOW  CORNING  Z-6020 
(101  SOLUTION  IN  METHANOL) 

. BAKE  PRIMERS  ALSO 
AVAILABLE  - DEVELOPMENT 
ASSOCIATES,  »N". 


ENVIRONMENTAL  ISOLATION  TASK 

RS/4  Exposures 

POHANT  COMPOUNDS: 

X PROPERTY  RETAINEP 


POHANT 

HOURS 

TENSILE 

EL0N6ATI0N 

URETHANE 

Z-2591 

4,000 

82X 

91X 

EMA  23439 

7,600 

1201 

119X 

EMA  11877 

15,000 

130X 

117X 

EMA  2205 

15,000 

51 

5X 

(UNCOMPOUNDED) 

REMOVED 

BUTYL  ACRYLATE 
13870 

7,1- 

60X 

88X 

EVA  W/UV-2098 

JUST  STARTED 

EVA  P/5-V1NYL  TINUVIN 
REACTED  IN 

15,000 

77Z 

oo 

REFERENCE: 

POLYETHYLENE 

UNSTABILIZED 

500 

]0X 

PC'LYPROPYLENE 

UNSTABILIZED 

500 

OX 
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OUTER  COVER  AND  BACK  COVER  FILHS: 

X PROPERTY  RETAINED 


OUTER  COVER  FILM 

HOURS 

TENSILE 

ELONGATION 

ACRYLAR 

X-22A17 

12,000 

WX 

lOOX 

TEDLAR 
100  B6  30  UT 

W,000 

9AX 

98.SX 

TEDLAR 

A662 

10,800 

140X 

38X 

TEDUR  05VT 
(K/VINYL  TINUVIN) 

10,800 

67X 

IX 

FLUOREX-A 

10,800 

70X 

30X 

BACK  COVER  FILMS 

TEDLAR  200  BS  30  VH 

10,800 

98X 

93X 

SCOTCHPAR  20CPW 

6,600 

95X 

7H% 

KORAD  63000 

6,600 

94X 

71X 

TEDLARS  (BOTH  CLEAR  AND  PIGMENTED) 
APPEAR  TO  BE  flOST  STABLE, 
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•ACRYUP'  ElAXIALLY  ORIENTED 
ACRYLIC  Flin 
( 3H  X 22A17  ) 


DECREASE  IN  VISCOSITY  AVERAGE  MOLECULAR  WEIGHT  WITH 
EXPOSURE  TIME. 


3,000  10,000 
TIME  (HOURS) 


MOLECULAR  HEIGHT  DECREASES  FROM  116,000  TO  9A,800  IN 
10,000  HOURS  TIME. 
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ENVIRONMENTAL  ISOLATION  TASK 


EVA  POHANT 
vNO  COVER  FILM) 


ORIGINAL  FA6EJS 
OF  POOR  QUALITY 


CLEAR  STABILIZED  ZVA  EXPOSED  30,000  HOURS, 
LIHLE  CHANGE. 


TOTAL  INTEGRATED 

ULTIMATE* 

ELONGATION 

TENSILE* 

STRENGTH 

(X) 

(Z) 

(PSi) 

CONTROL 

91 

510 

1890 

EXPOSED  30,000  HRS, 

90 

ABO 

1A50 

1 CONTROL 

99Z 

94Z 

771^  ‘ 

UNSTAEILIZED 

ELVAX  250  (EVA)  BECOMES  SOFT, 

TACKY,  - 

LOSES  PHYSICAL  PROPERTIES  IN  LESS  THAN  1,000  HOURS. 
•ASTM  D-638 

A.  FIRST  SIGN  OF  CHANGE  NOTICES  THROUGHOUT  EXPOSURE 
PERIOD 
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PAGE  J3 

ENVIRONMENTAL  ISOLATION  TASK  OF  POOR  QUALITY 

Substrate  Materials 

CURRENT  CANDIDATES 


MATERIAL 

^/Ft2 

$/m2 

COLD  ROLLED  MILD  STEEL,  28  GAUGE 

35.5 

1.67 

SUPER  DORLUX  HARDBOARD 

14.0 

1.51 

(MASONITE  CORP.) 

DURON  TEMPERED  HARDBOARD 

14.5 

1.56 

(US  GYPSUM  COMPANY) 


SUBSTRATE  ALLOCATION  APPROX.  70^/FT2 

COST  INCREMENT  WILL  APPEAR  FOR  PROTECTIVE 
TREATMENT 
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PROTECTIVE  COATINGS  OR  TREATflENTS  REQUIRED  FOR  LONG  OPERATING 
LIFE  IN  OUTDOOR  ENVIRONMENT 

POSSIBILITIES: 

ENCAPSULATE  ENTIRE  SUBSTRATE  WITH  WEATHERABLE  POHANT 

LAMINATION  WIIH  OCCULSIVE  FOIL:*' 

E.G.:  "HOT-FOIL"  TREATMENT 

(ALUMINUM  FOIL  WITH  HOT  MELT  ADHESIVE) 

LAMINATE  WITH  ORGANIC  FILMS 

COATING  WITH  WEATHERABLE  ENAMEL®'  OR  PAINT 

COMEUyiTIONS  OF  THESE 

CHEMICAL  MODIFICATION  (WOOD) 

A.  TECHNIQUE  BEING  DEVELOPED  BY  U.S.  GYPSUM  AND  OTHERS. 

B.  RECOMMENDATIONS  FROM: 

DOW  CORNING  CORPORATION 

DEXTER  - MIDLAND  CORPORATION 

STEEL  STRUCTURES  PAINTING 
COUNCIL  (SSPC) 

TESTING 

TEST  "MODULES’  PREPARED  WITH  COATED  STEEL  PANEL,  BUTYL  SEALANT 
AND  Gasket 
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Corrosion  Experiments 

MILD  STEEL  SUBSTRATES 
SALT  SPRAY  EXPOSURE 

(ASTM  B-117) 


COATING 

ADHESIVES 

HOURS 

CONDITIONS 

ACRYLA.R 

ACRYLIC 

2,000 

R 

SCOTCHPAR 

ACRYLIC 

2,000 

R 

ALUM.  FOIL 

ACRYLIC 

1,500 

R 

KORAC  (WHITE) 

ACRYLIC 

2,000 

R 

EVA 

SILANE 

1,500 

R 

CLEAR  KORAD 

ACRYLIC 

2,000 

R 

ACMITITE 

ACRYLIC 

2,500 

R 

WHITE  TEDLA.R 

ACuYLIC 

2,0UG 

R 

302  STAINI  ESS 

ACRYLIC 

2,500 

R 

EVA/SCOTCHPAR 

SILANE 

A,  500 

I 

EVA/STAINLESS 

SILANE 

2,500 

R 

EVA/TEDUR 

SIUNE 

2,500 

R 

SCOTCHCLAD 

NONE 

2,000 

R 

EVA 

CHROMATE/SILANE 

4,000 

II 

VINYLIDENE/FLUORIDE 

EPOXY 

3,500 

III 

SILICONE/POLYESTER 

EPOXY 

3,100 

II 

ACRYLIC  AUTO  TOPCOAT 

EPOXY 

3,100 

III 

I NO  OBSERVABLE  CHANGE 

II  SOME  SIGNS  OF  DETERIORATION  (CORROSION,  DELAMINATION) 

III  NOTICEABLE  DETERIORATION 

R SPECIMEN  FAILED,  REMOVED 
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HILD  STEEL  SUBSTRATES 
OUTDOOR  EXPOSURE,  ENFIELD,  CT. 


COATING 

ADHESr/ES 

HOURS 

CONDITIONS 

ACRYLAR 

ACRYLIC 

4,500 

II 

SCOTCh'PAR 

ACRYLIC 

4,500 

II 

ALUM.  FOIL 

ACRYLIC 

4,500 

I 

KORAD  (WHITE) 

ACRYLIC 

4,500 

I! 

EVA 

SILANE 

4,500 

II 

CLEAR  KORAD 

ACRYLIC 

1,500 

R 

ACMITITE 

ACRYLIC 

4,500 

I 

WHITE  TEDLAR 

ACRYLIC 

4,500 

I 

302  STAINLESS 

ACRYLIC 

4,500 

II 

EVA/SCOTCHPAR 

SILANE 

4,500 

I 

EVA/STAINLE^S 

SILANE 

4,500 

II 

EVA/TEDLAR 

SILANE 

4,500 

II 

SCOTCHCLAD 

NONE 

4,500 

II 

EVA 

CHRCMATE/SIUNE 

4,000 

II 

VINYLIDENE  FlU0,;I1}E 

EPOXY 

3,400 

II 

ilLICONE/POLYESTER 

EPOXY 

3,100 

II 

ACRYLIC  AUTO  TOPCOAT 

EPOXY 

3,100 

II 

I NO  OBSERVABLE  CHANGE 

II  SOME  SIGNS  OF  DETERIORATION  (CORROSION,  DELAMINATION) 

III  NOTICEABLE  DETERIORATION 

R SPECIMEN  FAILED,  REMOVED 
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Hardboard  Protection  Experiments 

'SUPER  DORLUX'  - MASONITE  CORPORATION 

'MODULES'  PREPARED  WITH  BUTYL  EDGE  SEAL  AND 
GASKET  - SIX  MONTHS  OUTDOORS, 

ENFIELD,  CONNECTICUT 


COAT  IMG 

ADHESIVE 

X CHANGE 
MODULE 

X CHANGE 
HARDBOARD 

ACRYLAR 

3H  R910 

-.40 

-.53 

KORAD  63000 

3M  A910 

-.58 

-.75 

PAINT  (RUSTOLEUH) 

- 

♦1.98 

♦2.57 

302  STAINLESS 

XM  A920 

-.03 

-.05 

ALUM.  FOIL 

3M  A910 

♦ .07 

♦ .09 

SCOTCHPAR  20CP 

3M  A910 

♦.03 

♦.05 

EVA  9938 

A 11861 

♦.36 

♦.53 

TEDLAR.  WHITE 

68070 

-.26 

-.34 

MELAMINE  'SHOWER  COATING' 
AND  EVA  9918  WITH  A 11S61 

. 

♦2.56 

♦3.26 

HARDBOARD 

UNCOATED 

- 

♦3.36 

. NO  SIGNS  OF  DELAMIMATION  OP  EDGE  SEAL  DtTEKlORATION 
. RAINFALL,  i:.6  INCHES  TOTAL 
. BEST  PERFORMANCE  TO  DATE  WITH  METAL  FOIL  COX'ERS 
. BEST  ORGAN I r FILM.  SCOTCHPAR  POLYESTER 
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'SUPER  DORLUX"  flODULES  PREPARED 
WITH  BUTYL  EDGE  SEAL  MD  GASKET 


CUDOOP  EXPOSl'PE 
(WEEKS) 


ACRYLAR/A910 

SCCTCHPAP/A910 

EVA/11877 


PAINT 

RUSTOLEIPI 


CONTROL 


3A2 
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Soiling  Effects 

DECAY  IN  OPTICAL  TPAMSHISSIOH 
SITE:  ENFIELD.  CONNECTICUT 


% TRANSMISSION** 

MATERIAL 

CONTROL 

4 WEEKS 

8 WEEKS 

PYREX  GLASS 

92 

90 

90 

SODA  LIME  GLASS 

87 

84 

87 

TEDLAR  100B630UT 

84 

72 

77 

RT\'  615 

79 

65 

65 

Ql-2577 

74 

65 

64 

SYLGARD  184 

82 

81 

54 

A.  DIRECT  TRANSMISSION 

FROM  350  NM 

TO  900  NM. 

JPL  SOILING  THEORY  SUGGESTS  THAT  SOIL  RESISTANT 
SURFACES  HAVE  THE  FOLLOWING  PROPERTIED 

HIGH  SURFACE  HARDNESS 
HYDROPHOBIC 
OLEOPHOBIC 
ION  FREE 

LOW  SURFACE  ENERGY 
SWOTH 
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Antisoiling  Experiments 

SURFACE  UNDER  INVESTIGATION: 

SUNADEX  GLASS 
3M  ACRYLIC  FILM,  X-22A17 
TEDLAR  100B630UT  - DU  PONT 

SUP.FACE  TREATMENTS  UNDER  INVESTIGATION: 

3M  FLUORDSILANE  TREATMENT  L-i668*‘ 

PERFLUORODECANOIC  ACID  BASED  COATING*- 
DOW  CORNING  E-3820 

OWENS  ILLINOIS  6USS  RESIN  650 

GENERAL  ELECTRIC  SHC  - 1000 

ROHM  S HAAS  HL-81  ACRYLIC  COATING 


A.  ALSO  USED  WITH  OZONE  TREATMENT  TO  COUPLE  TO 
ORGANIC  SURFACES. 
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Antisoiling  Program 


ORIGINAL  PAGE  JS 
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SHORT  CIRCUIT  MEASUREMENT  DEVICE 


CURRENT  W/SPECIMEN  y jqq  . ^ CHANGE  IN  SHORT 
SHORT  CIRCUIT  CURRENT  CIRCUIT  CURRENT 
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Antisoiling  Test  Results 

month  exposure 

ENFIEli',  COMN. 


ACRYLIC  TELLAR 


TREATMEflT 

SUN.ADEX 

X-22417 

100  EG  30  UT 

CONTROL 

INITIAL 

At 

INiriAL 

At 

INITIAL 

At 

NO  TREATMENT 

90.5 

-3.2 

84.0 

■10.8 

87.7 

-8.8 

L-1668 

89.7 

-2.3 

80.3 

-6.6 

88.4 

-5.3 

L-1668/020NE 

A. 

A. 

84.5 

-6.1 

88.1 

-5.0 

PFDA  E-3820 

90.0 

-2.7 

80. 0 

-6.8 

86.0 

-3.8 

PFDA  E-382C/020NE 

A. 

A. 

84.1 

-4.9 

86.0 

-6.4 

GLASS  KESIN  650 

91.0 

-5.7 

81,1 

-7.4 

89.0 

-6.5 

SHC  - 1000 

91.9 

-4.5 

82.1 

-7.6 

89.0 

-5.6 

WL-81 

90.7 

-5.1 

83.6 

-6.3 

87.7 

-5.2 

A.  NOT  PREPARED 
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Antisoiling  Experiments 


TZM  MOUTHS  EXPOSURE.  EHFIELD.  CONNECTICUT 


S LOSS  IN  Igc  PITH  STANDAPJ)  CELL 
TREATED  SUHADEX  GLASS 


L-1668 

E-3820 

CONTROL 


SHC-IOOC 

HL-8] 

01-650 


BEST  TrEATMEMT.  L-1668 
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2X 


8: 


]or 


TEN  nONTHS  EXPOSURE,  ENFIELD,  CONNECTICUT 

? LOSS  IN  Ijc  WITH  STAfffiARD  CELL 

TREATED  ACRYIAP 
(SUPPORTED  Of!  GLASS) 

*K)NTH 


a 6 

p- m 

* 

« 

# 

/ 4 

\ 

^ % 

« 

/ 

V 

. A 

< 

\ 

\ 

V-' 

* 

\ 

'!v 

N 

V-" 

''  * 

I 

i 

1 

L 

OZOKE/E-3820 


OZONE/L-1668 

HL-81 


SHC-IOOO 


1 CONTROL 


BEST  TREATHEKT,  OZONE  PITH 
E-3829  (FLUOROSILANE) 


ENVIRONMENTAL  ISOLATION  TASK  O^G/A/al  Pag£  ,o 

^ POOR  QUALITY 

TEN  MONTHS  EXPOSURE,  ENFIELD,  CONNECTICUT 
I LOSS  IN  IjQ  WITH  STANDARD  CELL 


TREATED  TEDLAR  100BG300UT 
(SUPPORTED  ON  GLASS) 


MONTH 


E-3820 

020NE/L-1668 

L-166S 

OZONE/E-3820 

01-650 

CONTROL 


BEST  TREATMENT,  E-3820 


..  1« 
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GENERAL  OBSERVATIONS: 

. SUHADEX  HAS  BEST  CONTROL  VALUES  (-3. OX) 

. SUNADEX:  BEST  COATING,  L-1668  (-0.5X) 

, TEDLAR:  BEST  COATING,  E-3820  (-L.5X) 

. ACRYLAR:  BEST  COATING,  OZONE  ♦ E-3820  (-2.4X) 

. GOOD  CORREUTION  HITH  NATURAL  "CLEANING"  CONDITIONS 


NEW  MATERIALS: 

. NEW  FLUOROSI LANE  (SPRINGBORN) : 

PERFLUORO-OCTYL  TRIETHOXYSIUNE 

. REACTIVE  POLYMER  SURFACE  TREATMENT  (SPRINGBORN): 
PEP.FLUOROBUTYL  ACRYLATE  COPOLYMERIZED 
HITH  DO;^  CORNING  Z-6030  SILANE 


ORIGINAL  TAGE  IS 

ENVIRONMENTAL  ISOLATION  TASK  OF  POOR  QUALITY 


Accelerated  Aging  Test  Program:  Outdoor  Photothermai  Aging 


. USE  NATURAL  SUNLIGHT.  AVOIDS  SPECTRAL 
DISTRIBUTION  PROBLEMS  WITH  ARTIFICIAL 
LIGHT  SOURCES 


USES  TEMPERATURE  TO  ACCELERATE  THE 
PHOTOTHERMAL  REACTION 


. INCLUDES  DARK  CYCLE  REACTIONS 


. INCLUDES  DEW/RAIN  EXTRACTION 


. SILICONE  RUBBER  HEATERS  - IN  OPERATION 
ONLY  DURING  SUNLIT  HOURS 


TEMPERATURES  OF  INTEREST. 

70®.  90®.  110®  C 

TEST  MATERIALS: 

A POHANTS:  EVA.  EMA.  BA.  PU 
3 OUTER  COVERS:  SUNADEX.  TEDLAR.  ACRYLIC 
COMBINATIONS  OF  POTTANTS/OUTER  COVERS 


. TESTS: 

DIELECTRIC  STRENGTH  • 

CHEMICAL  INERTNESS  (COPPER  CORROSION) 

OPTICAL  TRANSMISSION 

STANDARD  CELL  OUTPUT 

GEL  CONTENT 

YOUNG'S  MODULUS 

TENSILE  STRENGTH 

ULTIM.ATE  ELONGATION 

. DUPLICATE  SPECIMENS  - PHOENIX  AND  FLORIDA 


351 


ENVIRONMENTAL  ISOLATION  TASK  Of'pOOR  QUALITY 

ENCAPSULANT  DESIGN  ANALYSIS  AND  VERIFICATION 


SPECTROLAB.  INC. 

C.P.  Minning  (Hughes  Aircraft  Co.) 

Electrical  Test  Setup 


V 
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BAEAKOOWN  VOLTAGE  OF  EWCA  JLATlON  SY$TEM,KV 


k*M«UE  Of 
TESI  RESULTS 


LSA  REQUIREMENT 


Co JfON  TYPE  C 


COUPON  TYPED 


ENVIRONMENTAL  ISOLATION  TASK 
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Typical  Test  Article:  Structural/Deflection  Test 


WIDTH 

PLAN  VIEW  EDGE  VIEW 


Structural  Deflection  Test  Setup 


3 


DEFLECTION. 

INCHES 


STRESS,  PS* 


TEST 

MODULE 

DESCRIPTION 

TEST 

ANALYSIS 

TEST 

ANALYSIS 

SOM-1 

GLASS  SUPERSTRATE 

asis 

as7 

3216 

5381 

2 

GLASS  SUPERSTRATE 

as2 

4571 

4946 

3 

GLASS  SUPERSTRATE 

0.61 

as7 

2571 

5100 

4 

GLASS  SUPERSTRATE 

asB 

a66 

2749 

5 

PLAIN  WOOO  SUBSTRATE 

142 

1.33 

817 

752 

6 

PLAIN  WOOO  SUBSRTATE 

1.36 

1.27 

766 

741 

7 

RIBBED  WOOO  SUBSTRATE 

FAILURE 

- 

— 

- 

8 

STEEL  SUBSTRATE 

0.42 

as 

2357 

4395 

9 

RIBBED  WOOD  SUBSTRATE 

a37 

036 

NA 

NA 

ENVIRONMENTAL  ISOLATION  TASK  ^*?oS5r 

PHOTOACOUSTIC  TECHNIQUE 

JET  PROPULSION  LABORATORY 
R.H.  Liang 

Photoacoustic  Setup 


OPTICAL 
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FTIR  SIGNAL 
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Formation  of  (OH)  as  a Function 
of  Accelerated  and  Real-Time  Aging 


2UC0 

1000 

500 


100 

50 


I i 1 : 1 : ■ 

0.02  0.25  as  I 2 3 4 5 

EQUIVALENT  OUTDOOR  AGING  TIME  lyrs) 


PHOTOACOUSTIC  SIGNAL  (/xv) 


ENVIRONMENTAL  ISOLATION  TASK  ORIGINAL  K 

OF  POOR  QUALITY 

MINIMODULE  ENCAPSULANT  FIELD  TESTING 

JET  PROPULSION  LABORATORY 
P.  Frickland 

Summary  of  Minimodule  Temperature  and 
Humidity-Freeze  Testing 

^**(t)^(o)  Z 

SUBSTRATE  TEHP  HUHID/FREEZE 


Korao/EVA/Galvanized  Steel  (DE  131-W5)  - M - 6 
Te3lar/EVA/Glass  Reinforced  Concrete  (RB  110-12A)  - 0 -11 
Korao/EVA/Super  Dorlux  (DE  101-115)  -25  -59 

SUPERSTATE  (GUSS) 

Soda- line  Guss/Polyurethane  (PR  101-115)  +5  +1 
Soda-line  Glass/Polyurethane/Acnetite  (PW  116-130)  *2  +1 
Soda-line  Glass/EVA/White  EVA/Craneclass/Al  foil 

(DE  116-130)  - 9 - 6 
Sunadex  Glass/EVA/Acnetite  (CE  131-195)  *2  ♦ 1 
SuNADEx  Glass/EVA/Craneglass/Acnetite  (CE  116-130)  - 2 - 1 
Sunadex  Glass/EVA/Craneglass/Hyur  (CE  101-115)  - 2 - 2 
Sunadex  Glass/RTV  Silicone/Craneglass/Acnetite 

(6E  101-105)  *1  ♦ 2 

7070  Borosilicate  Glass  (ESB)/EVA/Acnetite  (SE  101-110)  ♦ 1 0,-lCO 
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MAX.  P,JP.^  (AFTER  CLEANING*  MAX.  PuJP.m  (AFTER  ClIANINGI 


$01A«  aU2.0IT' 

cijmguss  .oor  - 
mtmm.vxr'—, 


STRUCtURAl  SUISIMn  SUP{N  OO.UX  . 1«T 
iNCAPSULAKO  IN  .QOr  CKAMCUSS  AND 
NHIIl(VA.(BO" 


A JPL 

□ GOLOSTONE 
O PT.  VICENTE 


300  400  300 

FIELD  EXPOSURE  (DAYS) 
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MAX.  PJPtm  <AHER  CLEANING)  MAX.  P„./P,«  (AFTER  ClEANINGI 


100- ~A  D'A 


SUBSTRATE  CONFIGURATION 


CRNCCuss  .nr 


SIRUCTURAL 

suBsnuiEGKC.sr 


II 

ACMnilE.OIBT' 


MB  110  - MB  124 


A JPL 

□ GOLDSTONE 
O PT.  VICENTE 


100  200  300 

FIELD  I 


SUBSTRATc  CONFIGURATION 


XA<537l.OCr 


Kom.oor 


^ron/MffivA.flar 


-souRaus.oir 

CIMNIGUSS  .O0T- 
WHIICIVA.OKr — T / 


STRUCTKAL  SUISTiAlE  GAL  SISL  .0125 
CNCAPSUUTED  IN  .OOT  CIIAItGUSS  AND 
WHITCCVA.OV* 


KUl-ie 


300 
FIELD  I 


A JPL 

□ GOLDSTONE 
O PT.  VICENTE 


1 500 

ioa 

700  1 

IRE  (DAYS) 
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CELL  AND  MODULE  FORMATION  RESEARCH  AREA 


D.B.  Bidder,  Chairman 


The  Cell  and  Module  Formation  Research  Area  technology  session  opened 
with  a presentation  by  Spectrolab,  Inc.,  on  its  new  metallization  contract. 
Work  is  just  beginning  on  this  contract;  the  presentation  was  an  outline  of 
the  program,  with  test-flow  and  work-flow  diagrams. 

Bernd  Ross  Associates  announced  that  they  have  noted  that  the  firing  of 
base-metal  pastes  in  reducing  atmospheres  is  dramatically  influenced  by 
hydrogen.  Apparently  the  surface  of  the  silicon  becomes  hydrogenated  and  does 
not  react  with  the  metai.  Carbon  monoxide  has  been  found  to  give  excellent 
results  as  a reducing  atmosphere  that  will  not  hydrogenate  the  silicon 
surface.  Silver  fluoride  continues  to  be  the  leading  fluxing  agent  for 
glass-free  silver-metal  systems.  The  hygroscopic  nature  of  AgF  presents  a 
problem;  packaging  methods  are  important.  Recently  fabricated  experimental 
cells  have  again  shown  that  copper-metal  pastes  containing  AgF  make 
satisfactory  back  metallizations  on  silicon  cells.  This  system  works  well  on 
aluminum-back-surface  field  cells  as  well.  Insufficient  firing  temperatures 
have  been  shown  to  result  in  an  anomalous  S-shaped  I-V  curve.  This  curve 
characteristic  has  been  modeled  satisfactorily  using  a second  diode  at  the 
insufficiently  fired  surface. 

Ron  Daniel  of  the  JPL  FSA  Analysis  and  Integration  Area  presented  a 
method  for  optimization  of  metallization  patterns.  Individual  contributions 
to  cell  power  losses  are  considered,  as  are  dif fused-layer  sheet  resistance, 
metal-to-silicon  contact  resistance,  grid-line  conductive  loss,  bus-bar 
conductive  loss,  and  metal  shadowing  of  active  cell  area.  An  optimization  can 
^‘*so  include  metallization  area  costs. 

Photowatt  reported  on  the  status  of  its  development  of  a process 
equence  involving  an  AR  coating  and  thick-film  metallization  system  capable 
penetrating  the  AR  coating  during  firing.  The  sequence  produces  solar 
cells  with  excessive  series  resistance.  Efforts  to  build  up  the  m*~  allization 
using  electrolytic  copper  plating  have  resulted  in  chemical  attack  upon  the 
f ired-metal-to-silicon  interface.  Photowatt  has  reorganized  this  effort  and 
is  investigating  new  formulations  of  thick-film  metal  pastes  that  were 
inspired  by  developments  by  other  contractors  in  th^  Process  Development 
effort  of  FSA. 

Spire  Corp.  has  completed  the  design  of  the  NMA  implantation  machine  to 
a point  where  construction  is  under  v;ay  and  is  scheduled  for  completion  in 
September  1982.  The  design  incorporates  a defocusing  and  steering  device  to 
spread  the  ion  beam  and  make  it  more  uniform.  This  technology  is  attributable 
to  JPL  leadership.  It  has  potential  usefulness  to  the  semiconductor  industry 
as  well  as  to  the  photovoltaic  industry. 

JPL  in-house  NMA  activity  has  been  dealing  with  implanted  back-surfae  . 
fields  and  with  NMA  primary  (front)  junctions.  The  effect  of  tharmal 
pxetreatment  was  also  investigated.  Experimental  cells  pieviously  fabricated 
did  not  produce  open-circuit  voltages  (V^^)  as  high  as  those  of  cells 
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processed  conventionally.  Among  the  possible  causes  was  that  metallic 
contamination  was  being  introduced  into  the  ion  beam  from  the  NMA  source. 
Graphite  parts  were  fabricated  to  eliminate  this  possibility,  but  the 
performance  was  not  affected.  Further  experimentation  has  led  to  the  opinion 
that  implanted  back-surface  fields  are  not  heavy  enough  under  present 
methods.  New  work  is  starting  in  an  effort  to  apply  NASA  pulse-thruster 
technology  to  the  development  of  a pulsed-plasma  epitaxy  machine.  This 
concept  has  possibilities  far  beyond  silicon  back-surface  fields,  and 
encompasses  advanced  semiconductor  materials  as  well. 

Solarex  presented  the  last  of  its  work  under  the  MEPSDU  (Module 
Experimental  Process  Development  Unit)  contract.  It  has  recently  completed 
the  development  of  uhree  processes:  the  use  of  glass  beads  in  a sand-blasting 

type  of  process  to  remove  the  oxides  that  remain  after  firing  the  aluminum 
into  the  silicon  back  surface;  the  use  of  a comnercial  wave-soldering  device 
to  solder-coat  the  front  cell  nickel-plated  contacts  (unsuccessful  in  coating 
both  sides  of  the  cell),  and  the  use  of  ion  milling  (heavy-duty  plasma 
etching)  to  clean  up  the  n-on-p  junction  edges  of  cells  that  are  stacked 
tightly  on  top  of  one  another  when  loaded  into  the  chamber.  Solarex  performed 
a cost  analysis,  using  the  IPEG  methodology,  to  determine  that  the  current 
MEPSDU  process  sequence  results  in  $0.56  per  watt  add-on  cost  up  to  but  not 
including  cell  assembly  into  modules*  The  new  contractual  thrust  is  toward 
specific  processing  characteristics  unique  to  polycrystalline  silicon.  Semix 
material  processing  will  be  emphasized  but  the  other  types  of  polycrystal  tine 
material  will  also  be  tested  (if  not  by  Solarex,  by  JPL). 

Westinghouse  also  presented  :he  last  of  its  MEPSDU  work  (that  contract 
was  also  revised  drastically  in  this  reporting  period).  The  Westinghouse 
effort  involved  processing  rhrougb  the  module  fabrication  and  environmental 
testing  of  its  design.  Tn^  ^^reviously  reported  passing  of  environmental  tests 
at  Westinghouse  was  repeated  at  JPL;  the  Westinghouse  design  more  than  passed 
the  tests.  The  cost  calculations  have  a direct  inverse  relationship  to  module 
operating  efficiency;  the  Westinghouse  goals  include  a 12%  efficient  module. 
Over  the  last  year  the  efficiency  of  Westinghouse  panels  has  increased  from 
7.3X  to  11. 2X;  it  is  believed  that  Westinghouse  would  have  achieved  its  I2Z 
goal  if  the  contract  had  not  been  redirected.  The  new  contract  activity 
focuses  upon  the  junction  formation  process;  the  company  is  developing 
lower-cost  diffusion  sources  based  upon  liquid  application  rather  than  the 
present  ga.eous  lources.  Ion  implantation  is  also  being  pursued  as  a 
particularly  applicable  process  for  dt^ndritic  web  silicon. 

The  University  of  Pennsylvania  has  completed  assessment  of  metallization 
patterns  by  mathematical  optimization.  Prior  work  was  limited  to  rectangular 
geometries.  At  the  end  of  the  assessment,  the  Westinghouse  fan-shaped 
geometry  was  analyzed  and  found  be  capable  of  the  same  optia  zation  as 
rectangular  geometries.  The  next  assessment  activity  was  directed  toward 
determining  the  adequacy  of  currently  accepted  ttinority-carri^r-lifetime 
measurement  techniques  and  what,  if  any,  errors  are  respo^.sible  for  confusion 
in  cell  mather.atical  modeling  activities.  Apparently  there  is  sufficient 
confusion  in  the  accepted  literature  to  cast  doubts  upon  present  ability  to 
model  advanced  photovoltaic  structures. 
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THICK-FILM  METALLIZATION 

BERND  ROSS  ASSOCIATES 
Bernd  Ross 
Progress 

1.  Since  hydro«enated  silicon  surfaces  tend  to  reject  metal 

COATINGSi  AM  ALTERNATIVE  REDUCING  AMBIENT  WAS  SOUGHT. 

2.  Pr,  'ICUSLY  FABRICATED  PASTES  AS  WELL  AS  MEW  FORr.JLATIONS 
WERE  FIRED  IN  NITROGEN  AND  CARBON  MONOXIDE 

3.  SEM  ANALYSIS  SHOWED  EXCELLENT  STRUCTURE  FOk  fO  FIRED 
COPPER  ELECTRODES. 

4.  Electrical  characterization  gave  Goor  results  for  contact 

RESISTANCE  STUDIES  AS  WELL  AS  SOLAR  CELL  PERFORMANCE  (BACk 

contacts  only). 

5.  Experiments  with  silver  fluoride  containing  different 
amounts  of  moisture  were  performed. 

S.  A SilVER  fluoride  AfTIVATFD  copper  PASTE  ELECTRODE  WAS 
observed  to  penetrate  a 70C.A  silicon  nitride  layer. 


Silver  Fluoride  Experiment 


Silver  fluoride  from  two  sources  was  utilized. 

Type  "H"  silver  fluoride,  packed  in  a elastic  bottle  appeared 

QUITE  WET,  WITH  VISIBLE  LIQUID  MOISTURE  IN  EVIDENCE. 

iTeLTING  occurred  AT  APPP'XIMATELC  300°C  (MELTING  POINT  FOR  DRY 
MATERIAL  AP'>ROXIrtATELY  435°C)  FOR  "H"  MATERIAL,  ACCOMPANIED  BY 
BUBBLINJ  AND  AFTER  REACTION  TO  METALLIC  SILVER  A GLASSY  RESIDUE 
WAS  IN  E>':  ;r.NCE. 

Tv?6  "V'  S'LVER  FLUORIDE,  PACKED  IN  A PLASTIC  BAG  WITHIN  A GLASS 
JAR,  'HOWT.D  CONSIDERABLY  LESS  MOISTURE,  HOWEVER,  GRAIN  AGGLOMERA- 
TION INDICATED  A MOISTURE  PROBLEM  STILL  EX'STS. 

Type  "A”  material  melted  closer  to  ’he  published  mflt:ng  point, 

AND  no  MACRCJCOPIC  AMOUNTS  OF  RESIDUE  WERE  SE' N. 

SE.3  micrography  showed  evidence  of  the  existence  of  small  amounts 
OF  glassy  material  for  type  a silver  fluoride  also. 
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Solar-Cell  Experiment 


F31  COPPER  rSTE  WITH  0.1  WT  X AgF,  10  WT  X Pb 
AND  0 NT  X Al-SI  eutectic 


F32  COPPER  paste  with  0.1  WT  X AgF,  lOX  Pb  and 
5 WT  X Al-Si  eutectic 


Paste 

^r-^PERAT'JRESC^C) 

Qtv 

fil 

550 

3 

F31 

550 

3 

F31 

600 

3 

F31 

650 

:> 

F32 

550 

3 

F32 

600 

3 

F32 

650 

3 

Ambient 

Gas 

Average 

ilNCOATED 

hhvr'' 

rl2 

5.9 

0.476 

CO 

7.7 

0.637 

CO 

6.5 

0.551 

CO 

8.1 

0.676 

CO 

7.1 

0.660 

CO 

8.0 

0.722 

CO 

7.5 

0.739 

E 

actor 
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12r4(1M2  lSi«  t2-tfR-82 


ORIGINAL  PACE  IS 
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Conclusions  and  Problems 

1.  Carbon  monoxide  reducing  ambicnts  provilcD  well  sintered 

COHERENT  COPPER  STRUCTURES  WITH  RELATIVELY  LARGE  GRAIN  AT 
THE  LOWEST  TEMPERATURES. 

2.  Adherance  of  CO  fired  copper  electrodes  was  significantly 

SUPERIOR  TO  HYDROGEN  FIRED  SPECIMEN. 

3.  Electrical  properties  of  devices  and  test  structures  are 

SATISFACTORY. 

A.  Electrode  structures  containing  aluminum  resulted  in  dis- 
colored APPEARANCE  WITH  LITTLE  OR  NO  SINTERING  AND  SMALL 
6RAINSIZE.  Electrical  properties,  however,  appeared 

UNAFFECTED. 

5.  Procurement  and  storage  of  silver  fluoride  requires  special 

CARE. 


377 


CELL  AND  MODULE  FORMATION  RESEARCH  AREA 


OPTIMIZATION  PROGRAM/DESIGN  METHOD 
FOR  SOLAR  CELL  GRID  PATTERNS 

JET  PROPULSION  LABORATORY 
R.E.  Daniel 


Introduction 


• There  Is  Extensive  Literature  About  ine  Series  Resistance  Losses 
Associated  With  the  Solar  Cell  Grid  Pattern;  However.  There 
Have  Been  No  Reports  That  Assist  the  Grid  Pattern  Designer  to 
Design  an  Optimal  Grid  Pattern  of  Two  or  More  Design 
Variables 

• An  APL  Program  Has  Been  Developed  That  Uses  a Non-Linear 
Optimization  Technique  to  Find  Optimal  Design  Values  for  the 
Grid;  the  Power  Losses  Analyzed  include  Photoconductor  Sheet 
Losses,  Fine  Grid  and  Pus  Resistance  Losses  and  Shadow 
Losses,  and  Contact  Resistance  Between  the  Sheet  and  the  Fine 
Grid  Lines 


• Typicu:  Design  Parameters  Might  Be: 

• Fine  Grid  Line  Width 

• Fine  Grid  Line  Spacing 

• Bus  Bar  Width 

• Metallization  Thiel  *9 

• A '"mptions 

• Current  Uniformly  Generated  on  the  Su;<;ipe  of  the  Cell 

• Power  Loss  Between  the  Fine  Grid  Li.ies  Is  Found  Using  Sectional  Integidtion 

• Fine  Grid  Lines  and  Bus  Bar(s)  Are  Orthogonal 

• Bus  Bar  Same  Thickness  a»  tlie  Fine  Grid  (or  Strapped) 

• Fine  Grid  Line  Width  and  Metallization  Thickness  at  a Predetermined  Ratio 
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Cell  Shape  and  Grid  Geometry 

MULTIPLE  BUS  RECTAHGUlAil  CELL 


ROUNU  CEILS 


ONE  BUS  CELL 


TWO  BUS  CELL 


Power  Loss  Equations 


Gsnerat  Form  P = 1 dR 

of  Rosistivo  Losses  ' 


Sheet  Loss  to  One  Line  P$H  ~ 


Mm 


/Mm  x|2 

Fine  Grid  0ns  Line  Pfg  * I — di 


Bus  Bar 


p /Mk  I*  y|2 

Pr  - 2j  dt 

0 


Shadow 


P$0  ~ *^M  ^M end  Fine  Grid) 
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Contact  Hosistanca  ^ 1^  Rc 

Rr  ^ . r (Invarso  Area  Raiationship) 

**  Area  Fine  Grid 

Rc  - - ~ (Currant  Crowding) 


Jm  (mAlcm^) 

Current  Density  at  Maximum  Power 

V|y|  (volts) 

Voltage  at  Maximum  Power 

(il  cm) 

Resistivity  of  Metal 

Os  (L’l  ) 

Resistivity  of  Sheet 

,ig  (12  cm^) 

Contact  Resistivity 

Wg  (cm) 

Width  of  Bus  Bar 

s (cm) 

Spacing  Between  Fine  Lines 

b (cm) 

Width  of  Fine  Lines 

t (cm) 

Metal  Thickness 

I X (cm) 

Length  of  Fine  Line 

Lg  (cm) 

Length  of  Bus  Bar 

Optimization  Method 

• Procedure  Uses  the  Powerloss  Equations  as  the  Obiective  Function  Pj  L'  P (All 
Losses! 

• Then,  the  First  Partial  Derivative  of  the  Function  With  Respect  to  the  Design 
Variables  Is  Sot  Equal  to  Zero. 

,nPt 

(ilX)  . . 0 ItL  are  the  design  variables)  i f.2,...n 

* * 

• These  Equations  Are  Solved  by  a Modified  Newton  Raphson  Method. 
fj(XI  - fj(X*(|  ♦ Afj  (X*(|  (X  - X*();  XX  Is  a Given  Value 

• Matrix  Notation 

Ak  « Bk  (X  - X^l  0 

X X*(  B Ak 


<80 


{Not  ta  Scoitl 


4 

GRID 

Mmmmm 

mm 

aiiiiifi:::: 

**T,  Tout  Ptw*i 

1 68 

1.28 

202 

Leagth 

lost  (mW) 

% lots 

4.48 

4.S 

5.4 

A,  Fiiw  Grti 

BJ4B 

0.125 

OJSO 

Spociof  tCMi 

Wg.  Bm  Bor 

Widtli  (ftml 

142.0 

147.1 

20245 

i 

Vji 

B,  fim  Grid 

32.3 

29.0 

15.90 

1 m 

Widtii  i-ifit) 

T.  Mttal  Ihicktiot# 

104 

9.6 

l>C 

{#»»( 

i 

My.  Metal  VBloim 

|c«|^ 

6.4*10  "-5 

4.5*10 ' ^ 

p* 

INPUT 


S m 

O.S  CM 

t 

0.03  hltm^ 
O.S  V«lt« 
t.TxlO’^llcm 

0.001  «hcm2 

60  m 

3.1 
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Rectangular  Cell:  Sensistivity  to  Number  of  Grid  Lines 


0-0  Power  Output 
X X Metal  Volume^  li  3 

/Cin^ 

Output  Power:  — 


*0*— 0— f 


Po  \ W 


40x10 


123456789  10 
Number  of  Grid  Lines 


x-x  % Power  Loss 
t Grid  Bus 
° ° I Metal  Volume 


12x10"5 


M.  (cir.'*) 


5^  W 

I "'-0. 


123456789  10 
Number  of  Grid  Lines 
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Round  Cell:  2-Bus  Example 


SINGLE 

METALLIZATION 


S cm  Radwi 


STRAFFED 
BUS  (50  am] 


I T (mW) 

219.3 

169.1 

Deg.  ia 

( % Lw 

20.6B 

16.00 

Radius 

' A (cm) 

0.443 

0.331 

Jm 

1 1 Tig  (cm) 

0.184 

D.09S 

% 

f B iam] 

398J 

218.0 

Bm 

1 T iam] 

15.9 

8.7 

BB 

F Bus  VeMcw^l 

5.4x10~3 

t.5x10“3 

Be 

[ Grid  VoMcm^i 

9,1x10~3 

3.7x10"3 

Bs 

B:T 

Summary 

• Thf  Program  Srinp  Tegetbor  Two  Standard  ABtlys«K: 

Th«  Fowor  Lots  Eqtfitions  and  tfwr  Nawton-Raphson  Toehniqua 

• Tht  Rasult  is  a Program  That  Will  Proaida  aa  Optimal  Grid  Datiga.  i.t., 
Ona  That  Mintmiras  the  Total  Powar  Loss 

• Program  Zm  Also  Be  Used  to  Do  Saasttiaity  Analysis 

• OparttibR  of  the  Program  Is  Being  Praparad  for  COSMIC 

« ■'si.trimtnts  Art  Under  Way  to  Verify  the  Pradictiee  Accaracy  of  the 
Power  Loss  Eguations 

• Program  Can  Be  Exteodad  to  includa  Othar  Call  Shapes.  Design 
Geometries.  Cell  Charactiristics  and  Rudimentary  Cost  Sensitivities 
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OR5C 

THICK-FILM  METALLIZATION  ^ 

SPECTROLAB.  INC. 

Mark  Gillanders 

Test  Flow  Diagram 


•Note; 


The  petrrent.ijte  tiHlIcatrtI  fro»  owe  tret  area  to  the  nent  la  fhe  |»rrrenla|ic  of  the  total  cello  produced 
froM  each  of  Taaha  14  and  7). 


••Note: 


The  maaber  Indlrated  froai  one  teat  area  to  the  neat  la  the  nuaiher  froai  each  of  Task  1%  and  24. 
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Work  Flow  Diagram 


OR’-U:  -- 

OF  POOR 


quality 


TASK  10 


TASK  30 


TASK  AO 
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NICKEL/COPPER  METALLIZATION 

PHOTOWATT  INTERNATIONAL,  INC. 

Goals 


• TO  DEVELOP  A RELIABLE  METALLIZATION  WHICH: 

- USES  NICKEL  PASTE  PRINTED  OVER  (Si3Nt,)  AR  COATING 

- WHEN  SINTERED  PENETRATES  THROUGH  SijNj,  AND  BONDS 
TO  SILICON 

- USES  BRUSH  PLATING  OF  COPPER  FOR  ADDITIONAL  CONDUC- 
TIVITY 

- PRODUCES  4'  DIAMETER  CELLS  OF  EFFICIENCY  IN  EXCESS 
OF  lOX  UNDER  AMI  28®C 

- HAS  PULL  STRENGTH  WITH  5 mh  HIDE  STRAP  OF  > 2 LBS 
WHEN  PULLED  90°  TO  SURFACE 

• TO  PROVIDE  COST  DATA  ON  THE  ABOVE  SYSTEM 


Process  Sequence 

1.  TEXTURE  ETCH 

2.  POC/3  DIFFUSION 

3.  BACK  ETCH 

4.  DEPOSIT  NITRIDE 

5.  PRINT  % FIRE  ALUMINUM  BACK 

6.  PRINT  & FIRE  NICKEL  GRID 

7.  COPPER  PLATE 

8.  TEST 


Series  Resistance  Problem 


1.  CONTACT  RESISTANCE  THRU  SILICON  NITRIDE 

A.  AgF  NOT  ATTACKING  NITRIDE 

B.  AgF  depleted  BY  REACTING  WITH  FRIT 

2.  LOSS  OF  CONTACT  BY  REACTION  WITH  PLATING  SOLUTION 

3.  OTHER 
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TFS  #6517  Ni  + 30%  EMCA  #7069  Ag  Rred  at  700®C  for  5 min 


VOLTAGE-VOLTS 
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ORIGIMAi. 

Plating  ^ POOR  quality 

1.  REACTION  OF  PLATING  SOLUTION  WITH  FRIT 

2.  POROSITY  OF  PLATED  LAYER 


New  Directions 

• FRITLESS  PRINTING  INKS 

• ADDITIVES  TO  PENETRATE  NITRIDE 
AgPoj 

NiFj 

• ADDITIVES  TO  IMPROVE  ADHESION 
Tj 

Au. 
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ION  IMPLANTATION  AND  PULSE  ANNEALING 

SPIRE  CORP. 

Program  Description 


OBJECTIVES 

1.  To  develop  junction  formation  processes  using  Ion 
Implantation  and  pulsed  annealing  using  equ|>ment 
designed  especially  for  solar  cells. 


PROGRAM  PLAN 

1.  Develop  4”  Capability  Pulse  Annealer 

2.  Develop  4^'  Capability  NMA  Ion  Implanter 

3.  Use  this  equipment  to  develop  junctions  on 
Advanced  Sheet  Materials 


I 

] 


Non-Mass-Anatyzed  (NMA)  Implant  Cells  (Spire  Test  Facility) 


Lot  3969 

Non  Analyzed  Implant 

Lot  3969 

Standard  Implant 

i 

i 

» 

Voc  (mV) 

578  + 1 

573  + 1 

> 

} 

( 

2 • 

Jsc  (mAfcm  ) 

28.7  + 0.16 

28.2  + 0.08 

1 

1 

Fill  Factor  (%) 

75.7  + 0.3 

76.0  + 0.2 

>7  (AMO)  (%) 

9.29  + 0.05 

9.08  + 0.04 

n(AMl)'^  - Extrapolated  (%) 

15.4  +0.08 

15.0  + 0.07 

Rsheet  lOHMSper  square) 

61.6  + 3.1 

55.4  + 0.6 

p(ohm-cm) 

10 

10 

I 

I 

! 


coating 

4 for  A.R.  coat  and  times  1.18  for  Af.*.l 
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Ions  Produced  by  Commercial-Grade  Solid  Phosphorus 
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Ion  Implanter  Types 


NMA  Implanter  Advantages 

f Simple  Machine 
• Higher  Throughput  of  Solar  Cells 
t Easily  Automated  ( Continuous  vs.  Batch  ) 
t Custom  made  for  Solar  Cells 
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Soiar-Ceii  Ion  implanter  Specifications 

• Ion  Energy:  5-  20KeV 

• Ion  Current ; 10  - IS  mA 

• Invlent  L.  C.,  ?*,  etc  f 2.5xi0^/m^ 

• Beam  Purity:  99H  Phosphorous.  <0.69%  O2.  <0.3%  Other 
e Implant  Rate:  4 seconds / enter 

e Uniformity:  1.2.6%,  KT* 
e Wafer  heating:  <1S(A:  rise 
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Design  of  Solar  Implanter 
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NMA  Ion  Impianter  Beam  Path 


10KV  INSULATOR 

PHOSPHORUS  OVEN 
ARC  CHAMBER 
EXTRACTION 

BEAM  QATE 


DEFOCUS/S  TEERINQ 


CURRENT  MONITOR 


WALKING  BEAM 
WAFER  TRANSPORT 

BEAM  CENTERING 
MONITORS 
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Electrostatic  Beam  Defocus 
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NMA  Ion  Implanter  Beam  Studies 


Purpose ; 

0 High  Current  ModificaUon 
0 Verify  Ion  Beam  Transport 
0 Beam  Uniformity  Measurements 
0 Sample  Sofar  Cells 

Status : 

0 High  Current  Modification  Defined 
0 Beam  Characteristics  Defined 

- Area 

- Uniformity 

- Divergence 

- Energy  Dependence 

0 Sample  Solar  Ceils  In  Process 


NMA  Test  Implant  Chamber 


I METER 


! VIEWPORT 
CARBON/SOOlUMfT!  L:  ■ 
TARGET III J L- 


PHOSPHORUS 
ION  SOURCE 
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UNIFORMITY  DEVIATION  FROM  MEAN 
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Uniformity  Improvement  With  Defocus 


BEAM  DIVERGENCE  ANGLE  (DEGREES) 
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NMA  Solar  Cells  Test  Matrix 


TEST 

IMPIANT  ENERGY 

f OF  cats 

COMMENTS 

1.  Energy 

10  KeV 

12 

Mass  analyzed  controls 

lOKeV 

12 

Standard  Energy 

7 1C  KeV 

12 

5 KeV 

12 

2 1C  KeV 

12 

Low  Current  Beam 

1.  Wafer  Size 

10  KeV 

2 

4"  Wafer 

7 1C  KeV 

2 

4“  Wafer 

L PeBA 

10  KeV 

10 

T Wafers 

Plans 

f Continue  Beam  Focusing  and  Intensity  Experiments 

• Detail  Design  Components 

• Fabricate  Impianter 

• Test  and  Debug  - Sept.  -OcL 

• Research  with  Adv.  Sheet  Materials 
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NON-MASS-ANALYZED  ION  IMPLANTATION 

JET  PROPULSION  LABORATORY 
D.J.  Fitzgerald 
Current  Objectives 

• FIHD  EFFECT  OF  THERHAL  PRETREATfCNT  OF  MATERIAL  ON  CELL  FFICIENCY 
I DETERniNE  CAUSE  OF  LOMER  OBSERVED  IN  RECENT  N-H-A  ION  INPLANTS 

• EVALUATE  COMBINED  N-N>A  ION  INPLANTED  FRONT  JUNCTIONS  AND  BACK 
SURFACE  FIELD 


Effect  of  Thermal  Pretreatment  of  Material 
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Evaluation  of  Low  Wqq  in  NMA  Implants 


PROBLEM: 

Vqc  with  N-M-A  front  implant  increased  from  500  mV  TO  550  mV  WITH 
BF3  BACK  IMPLANT.  Vq<.  SHOULD  HAVE  BEEN  50  mV  HIGHER  IN  BOTH  CASES. 

POSSIBLE  CAUSES: 

(A)  BAD  ACTORS  SUCH  AS  IRON  IN  ION  BEAM 

(B)  INADEQUATE  FRONT  JUNCTION  DOSE 

(C)  POOR  BACK  CONTACT  (NON-OHMIC) 

(D)  INADEQUATE  BACK  SURFACE  FIELD  (DEPTH,  DOSE,  BORON  ACTIVATION,  ETC.) 
APPROACH: 

(A)  CHANGED  S.S.  MASKS  TO  GRAPHITE 

(B)  EVALUATED  EFFECT  OF  VARYING  FRONT  DOSE 

(C)  TESTED  SAMPLES  FOR  SHOTTKY  BARRIER 

(D)  TESTED  FOR  PRESENCE  OF  BACK  SURFACE  FIELD 
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Effect  of  Varying  Front  Dose 


• FRONT  STRIPPED  SAMPLES  INDICATED  NON-OHHIC  CONTACT  ON  BACK  OF  THOSE 
WITHOUT  BACK  IMPLANT 

• CELLS  WITH  BACK  IMPLANT  STRIPPED  OFF  WITH  NEW  GOOD  CONTACT  INDICATED 
THAT  SMALL  BACK  SURFACE  FIELD  WAS  PRESENT  (^IOmV) 

• SPIRF  SUGGESTED  THAT  HIGH  TEMPERATURE  ANNEAL  STEP  (15  MINUTES  a 850OC) 
SHOULD  BE  EXTENDED  TO  30  MINUTES  TO  ASSURE  BORON  ACTIVATION 


Conclusions 

• THERMAL  PRE-TREATMENT  OF  MATERIAL  DEPENDS  ON  PRESENCE  OF  BACK  IMPLANT 

• Vqj.  deficiency  mostly  due  10  NON-OHMIC  BACK  CONTACT  - CAUSE  NOT  UNDERSTOOD 

• BACK  IMPLANT  MADE  CONTACT  OHMIC  BUT  RESULTED  IN  SMALL  BACK  SURFACE  FIELD 
I POOR  BACK  SURFACE  FIELD  m BE  DUE  TO  INSUFFICIENT  BORON  ACTIVATION 
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PROCESS  RESEARCH:  SEMIX  SILICON  MATERIAL 

SOLAREX  CORP. 

John  H.  Wohlgemuth 


FORMERLY: 

Change  in  Program  Emphasis 
Development  of  Cost-Effective  Process  Sequence 

TITLE: 

Module  Experimental  Process  System  Development  Unit  (MEPSDU) 

NOW: 

Research  to  Understand  the  Mechanisms  of  Photovoltaic  Conversion 

TITLE: 

in  Semicrystalline  Silicon 

Process  Research  of  Semix  Silicon  Material  (PROSSM) 

DATE  OF  CHANGE: 

February  25,  1982 

REPORT  ON: 

Three  Months  of  PCPSDU 

Two  Months  of  PROSSM 

MEPSDU  Summary 


1.  Cost  Effective  Process  Sequence  Identified 

2.  Cost  Analysis  of  6.6MM  per  Year  Line  Projected  - $9.56  Per  Matt  Cell  Add  on  Cost 

3.  Three  Specific  Processes  Developed  for  Program 

• Glass  Bead  Back  Clean-Up 

t Wave-Soldering  of  Fronts  < 

• Ion  Milling  for  Edges 

A.  Spray  Dopant  - Good  Laboratory  Results^  but  Inconsist  Results  and  Short 
Shelf  Life.  Not  Ready  for  Production. 

5.  Equipment  for  Handling  and  Processing  Solar  Cells  is  Avaiuble  for  All  Process 
Steps  Identi  ied  in  This  Program. 
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CELL  AND  MODULE  FORMATION  RESEARCH  AREA  OF  POOR  QUALITY 

General  Process  Description 


WAVE  SOLDER 
FKONT8 


CELL  AND  MODULE  FORMATION  RESr  ARCH  AREA 

Coitt  Estimate 


ORIGINAL  PAGE  IS 
OF  POOR  QUALITY 


ASSUMPTIONS: 

t lOZ  Efficient  Cells 
t 80Z  Yields 

• Three  Shifts/Day 

• 3A5  Days/Yr  OPERATia’ 

« Production  of  1^000  Good  Cells/Hr  ■ 6.6  MW  Per  Yr 
t IPEG2  Coefficients 


EQUIP 

EQUIP 

LIFETIME 

YRS 

r«.2 

FT 

WORKERS/ 

SHIFT 

d:ab 

MATSAR 

UTIL/YR 

ETCH 

65,030 

5 

200 

1 

70400. 

$ 25105 

$ 27886 

DIFFUSION 

173,000 

10 

504 

1 

70400. 

48900 

18307 

BSF  FORM 

83,000 

10 

328 

1/2 

33000. 

57017 

8571 

BACK  CLEANUP 

138,000 

3 

288 

1 

70400. 

1.490 

64738 

AR  COAT 

104,000 

10 

224 

1/2 

33000. 

73098 

13743 

RESIST  PRINT 

126,000 

10 

392 

1 

70400. 

282307 

SI  A C 

Ni  PLATE 

50,000 

5 

378 

1 

70400. 

282090 

45248 

ION  MILL 

135,000 

10 

200 

1 

65686. 

5880 

2468 

WAVE  SOLDFR 

100,000 

5 

400 

1 

65686. 

70368 

6285 

TEST 

55,000 

10 

150 

_ ^ 

150543. 

0 

1130 

$1 

,029,000 

3064 

ft^  10 

v699,915./yr 

$862,2S5/yr  $194,521/yr 
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CELL  AND  MODULE  FORMATION  RESEARCH  AREA 

ORiG!i  .i/'-L  r . . ; !S 

OF  POOR  QUALITY 

Cost  per  Watt 


Cl 

X EQUIP 

PT*  X lOS 

2.1  X DLAB 

1.2  X NATS 

1,2  X UTIL 

TrT-s^ 

6.6  E*>6 

6.6  V-6 

6.6  E-6 

6.6  1^6 

TOTALS 

ETCH 

*0064 

.0033 

.0224 

.0046 

.0050 

.0417 

DirrusioN 

.0136 

.0083 

.0224 

.0089 

.0033 

.0565 

BSF  rORN 

.0065 

.0054 

.0105 

.0104 

.0016 

.0344 

BACK  CLEANUP 

.0174 

.0048 

.0224 

.0029 

.0118 

.0593 

AR  COAT 

.0082 

.0037 

.0105 

.0133 

.0025 

.0312 

RESIST  PRINT 

.0099 

.0065 

.0224 

.0513 

.0011 

.0912 

Ni  PLATE 

.0049 

.0062 

.0224 

,0513 

.0082 

.0930 

ION  MILL 

.0106 

.0033 

.0209 

.0011 

.0004 

.0363 

WAVE  SOLDER 

.0098 

.0066 

.0209 

.0128 

.00X1 

.0512 

TEST 

.0043 

.0025 

.0479 

.0000 

.0002 

.0549 

ALL  COSTS  ARE 

.0916  .0506 

EXPRESSED  IN  DOLLARS 

.2227 

.1566 

.0352 

.5567 

Wave  Soldering 

t With  Proper  Speeds,  Tilt  Angle  :'“o  Wave  Cells  Exceeded  Dipped  Cells  in  Penponhance. 

• Simple  In-Line  Foam  Fluxer  Works  Well. 

• Wave  Soldering  op  Both  Sides  Did  Not  Work.  First  Side  Peeled  Opp  During  Soldering 
OF  Second  Side. 

G SouREx  Has  Ordered  Production  Machine. 
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Spray  AR  Coating 


• DeTAILEQ  TenPERATUItE  TiHE  £xi>EfUKE*:T$ 

Temperature  Range  MOO  - <ilO*^C 

Time  M5  Sicond  Preheat 

5 Second  Spray 
tk>  Post  Spray  Heating 

• Results  in  Excellent  Quality  AR  That  is  Readily  Removed  in  Funic  HF  in 
Pattern  Area 


Edging 

• Sand  Blasting  - Good  Thruput  But  Process  is  Very  Sensitive  to  Operational  Pmaheters 


• Diffusion/Put iNG  Barriers  - Fumic  HF  Attacks  Host  of  the  Standard  Kater.als 


f Ion  Pilling  Remains  Best  Candidate  Although  Requires  Optimization 


Spray  Dopant  (Emulsitone) 

• Short  Shelf  life  - Breakdown  of  Vinyl  Acetate  Producing  Acetic  Acid 

• Very  Sensitive  to  Spray  Conditions  - Overspraying  Heans  You  Can't  Remove  Oxide 

• Inconsistency  From  Batch  to  Batch 

Some  Batches  Lasted  2-3  Months^  Other  Degraded  in  Less  Than  One  IIonth 

Some  Batches  Were  Successful  on  Host  Runs«  Others  Were  More  Sensitive 
to  Spray  Conditions 

• Cannot  Recommend  for  Production  Now 
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PROSSM  Proy/am 

1.  Prepare  Revised  Proerah  Plan 

2.  Prepare  Summary  Report  of  NEPSDU 

3.  Initiate  Effort  to  Understand  Mechanisms  Controlline  Efficiency  in  Sehix  Material 

Two  Experiments  Under  Way 

1.  Using  10  cm  x 10  cm  Mafer  to  Produce  Matrix  of  ROD  0.5  cm  x 0.5  ch  Solar 
Cells.  Evaluate  Performance  (Voc,  Isc^  Pmax^  Diode  Factor^  Etc.)  as  a 
Function  of  Macroscopic  Position  on  Brick  and  as  Infw'ipwces  »y  Microscopic^ 

Local  Structure  Such  as  Grain  Boundaries,  Tnins,  Etc- 


2.  Fabricating  Matrix  of  Samples  at  Various  Bulk  Resistivities  in  Thickness 
From  300  Microns  Domn  to  50  Microns.  Evaluate  and  Analyze  Resultant 
Cells  to  Determine  Dependence  of  Minority  Carrier  Diffusion  Length  on 
Bulk  Resistivity  and  to  Determine  the  IteCHANisMS  Controuing  Voltage. 
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MEPSDU 

WESTINGHOUSE  ELECTRIC  CORP. 
C.M.  Rose 

Goals  and  Approach 


• DESIGN  MODULE  MEETING  JPL  5101 -138  SPECIFICATIONS 

• SELECT  AND  VERIFY  PROCESS  SEOUENCE  FOR  FABRICATING  MODULES 

• DESIGN  AND  BUILD  A TEST  FACILITY  TO  FABRICATE  MODULES  USING 
SELECTED  PROCESS  SEQUENCE 

• PERFORM  TECHNICAL  FEASIBILITY  EXPERIMENTS 

• ACCEPTANCE  AND  QUALIFICATION  TESTING  OF  MODULES  PRODUCED 

• DETERMINATION  OF  1986  MODULE  PRODUCTION  COSTS 


Milestone  Schedule 


MILESTONE 


CURRENT 
PROGRAM  PLAN 


START  DATE 

PRELIMINARY  DESIGN  REVIEW 
PROTOTYPE  MODULE  DESIGN  REVIEW 
MEPSDU  DESIGN  REVIEW 
ECONOMIC  ANALYSIS  REVIEW 
MEPSDU  INSTALLATION 
TECHNICAL  FEASIBILITY  EXPERIMENTS 
FINAL  REPORT 


NOV.  26,  1980 
MAR.  3.  1981 
JULY  14,  1981 
MAY  15.  1982 
SEPT.  14,  1982 
JAN.  31.  1983 
DEC.  15.  1983 
DEC.  31,  1983 
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Baseline  Process  Sequence 


Prototype  Module  Fabrication  Progress 


DATE 

AVG.  CELL 
EFFICIENCY 

MODULE 

efficiep:cy 

MAR.  1981 

10.8% 

7.5% 

SEPT.  1981 

10.5 

9.0 

OCT.  1981 

12.3 

10.6 

DEC.  1981 

12.7 

11.2 

CELL  AND  MODULE  FORMATION  RESEARCH  AREA 


Module  Environmental  Tests 


TEST 

THERMAL  CYCLES  (250) 
5101-138  HUMIDITY  CYCLES 

CELL  SHADING  TESTS 
CELL  INTERCONNECT  FAILURE 

POS./NEG.  WIND  LOAD  TESTS 
HAIL  IMPACT 


RESULT 


NO  MEASURABLE  DEGRADATION 

NO  MEASURABLE  DEGRADATION, 
NO  OBSERVABLE  DELAMINATION 

NO  MEASURABLE  TEMP.  INCREASE 

NO  MEASURABLE  POWER 
DEGRADATION  WITH  MULTIPLE 
INTERCONNECT  FAILURES 

NO  DAMAGE 

NO  DAMAGE  AT  IMPACT  ENERGY 
UP  TO  5 TIMES  DESIGN  LEVELS 


25  MW/yr  Production  Facility  Cost  Analysis 


PROCESS  STEP 

PROCESS 

VALUE  ADDED 
(1980  S/WATT) 

% TOTAL 

1 

PREPARE  INPUT  WEB 

0.3S3 

49.73 

2 

BORON  DIFFUSION 

0.032 

4.51 

3 

PHOSPHOROUS  DIFFUSION 

0.023 

3.33 

4 

APPLICATION  OF  AR/PR 

0.016 

2J14 

5 

DEFINE  GRID  PATTERN 

0.017 

2.40 

6 

METALLIZE  WEB 

0.037 

5.18 

7 

REJECTION  AND  PLATING 

0.037 

5.26 

8 

CELL  SEPARATION  AND  TEST 

0.029 

4.06 

9 

CELL  INTERCONNECTION 

0.026 

3.67 

10 

LAMINATION 

0.121 

17.02 

11 

CRATING 

0.019 

2.62 

TOTAL  FOR  PROCESS  - 0.709 

1980  $ 
PEAK  WATT 
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Automated  Laser  Scribe 
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CELL  AND  MODULE  FORMATION  RESEARCH  AREA 

DENDRITIC  WEB  SILICON 

WESTINGHOUSE  ELECTRIC  CORP. 

Goals 

• ESTABLISH  FEASIBILITY  OF  SUBSTITUTING  LIQUID 
DOPANTS  FOR  GASEOUS  DIFFUSION  PROCESS 

• OPTIMIZE  LIQUID  DOPANT  DRIVE-IN  PARAMETERS 

• OPTIMIZE  LIQUID  APPLICATION  TECHNIQUE  FOR: 

- DOPANTS 

- Si02  PRECURSOR  DIFFUSION  MASKS 

- AR/PR  COATINGS 

• ESTABLISH  FEASIBILITY  OF  SUBSTITUTING  ION 
IMPLANTATION  FOR  GASEOUS  DIFFUSION  PROCESS 

Liquid  Dopants:  Expected  Advantages 

• LESS  EXPENSIVE  EQUIPMENT 

• LESS  EXPENSIVE  CHEMICALS 

• FEWER  CLEANING  OPERATIONS 

• SIMPLIFIED  PROCESS  CONTROLS 

• AUTOMATABLE  PROCESS 

• BASELINE  SEQUENCE  COMPATIBILITY 
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CELL  AND  MODULE  FORMATiON  RESEARCH  AREA 

Liquid  Dopants:  Experimental  Approach 

• DIFFUSION  PARAMETER  OPTIMIZATION 

- TIME/TEMPERATURE  FOR  LIQUID  BORON  DRIVE 

- TIME/TEMPERATURE  FOR  LIQUID  PHOSPHORUS  DRIVE 

- TIME/TEMPERATURE  FOR  SIMULTANEOUS  DRIVE 

• LIQUID  APPLICATION  TECHNIQUE  INVESTIGATION 

- DIPPING 

- SPRAYING 

- MENISCUS  COATING 

• LIQUID  Si02  PRECURSOR  FEASIBILITY  DETERMINATION 

• COST  ANALYSIS 

Liquid  Dopants:  Experimental  Tools 

• CELL  FABRICATION  - LIGHT  & DARK 
IV  PARAMETERS 

• SHEET  RESISTIVITY 

• JUNCTION  PROFILES 
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CELL  AND  MODULE  FORMATION  RESEARCH  AREA 


ORIGINAL  PAGE  IS 
Meniscus  Coster  OF  poor  quality 


Ion  Implantation:  Expected  Advantages 

• HIGHER  CELL  EFFICIENCY 

• IMPROVED  CELL  PROPERTY  UNIFORMITY 

• DRY,  ENVIRONMENTALLY  BENIGN,  PROCESSING 

• BASELINE  SEQUE.MCE  COMPATIBILITY 


CELL  AND  MODULE  FORMATION  RESEARCH  AREA 

Conclusions 

• @ MEPSDU  WORK  STOPPED  FEB.  10 

• ALL  PROGRAM  TASKS  ON  SCHEDULE  AND  IN  BUDGET 

• MODULE  PASSED  ALL  ENVIRONMENTAL  SPECIFICATIONS 

• PROJECTED  PRODUCTION  COSTS  MET  70F/WATT  OBJECTIVE 

• REDIRECTED  TASKS 

- FINAL  MEPSDU  REPORT 

- LIQUID  DOPANTS  AND  APPLICATOR  STUDY 

- ION  IMPLANTATION  WORK 

• REVISED  PROGRAM  PLAN  SUBMITTED  TO  JPL 
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ORIGINAL  PAGE  IS 

CELL  AND  MODULE  FORMATION  RESEARCH  AREA  OF  POOR  QUALITY 

PHOTOVOLTAIC  ASSESSMENT 

UNIVERSITY  OF  PENNSYLVANIA 
M.  Wolf 

Approximate  Westinghouse  Grid  Line  Pattern 

(All  Dimensions  in  cm) 
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CELL  AND  MODULE  FORMATION  RESEARCH  AREA 


ORIGINAL  PAGE  IS 
OF  POOR  QUALITY 


CELL  AND  MODULE  FORMATION  RESEARCH  AREA 

ORIGINAL  PAGE  IS 
OF  POOR  QUALITY 


CELL  AND  MODULE  FORMATION  RESEARCH  AREA 


t,N83  10523 

ENGINEERING  SCIENCES  AREA  AND  MODULE 
PERFORMANCE  AND  FAILURE  ANALYSIS  AREA 

R.G.  Ross,  Jr.,  and  L.D.  Runkie,  Chairmen 

Presentations  froa  the  Engineering  Sciences  Ares  and  Module  Perforasnce 
and  Failure  Analysis  Area  were  offered  in  a joint  technology  session; 
susmaries  of  the  presentations  are  given  below. 

C.  C.  Gonsalea  (JPL)  presented  an  update  of  photovoltaic-array/power- 
conditioner  interface  studies.  The  objective  of  these  studies  is  to 
characterize  flat-plate  arrays  by  detemining  significant  array  operating 
parameters  such  as  optiana  operating  voltage.  The  characterization  was 
obtained  by  calculating  the  effect  of  array/power-conditioner  interface 
parameters  on  system  annual  energy  production  by  performing  an  hour-by-hour 
array  energy  simulation  using  SOIJfET  weather  tapes.  The  update  included 
correlations  of  previously  reported  results  with  weather  atlas  data  and 
additional  sensitivity  studies  including  effects  of  array  test  angle.  Also 
discussed  was  the  effect  of  power-conditioner  efficiency  on  array  annual  power 
production. 

George  Hart  of  the  Massachusetts  Institute  of  Technology  (MIT)  described 
an  experiment  conducted  at  the  MIT  Lincoln  Laboratories  (MIT-LL)  Northeast 
Residential  Experiment  Station  (NE  RES)  by  MIT-LL  and  JPL  to  evaluate 
different  operating-point  strategies,  such  as  constant  voltage  and  pilot 
cells,  and  to  determine  array  energy  losses  when  the  array  is  operated  off  the 
maximum  power  point.  Initial  results  over  a test  period  of  three  and  a half 
weeks  showed  a 2Z  energy  loss  when  the  array  is  operated  at  a fixed  voltage. 

Charles  Cox  of  MIT-LL  reviewed  degraded-array  studies  conducted  at  NE 
RES  that  used  a range  of  sisnilted  common  types  of  degraded  1-V  curves.  The 
additional  amount  of  energy  lost  at  fixed  array  voltages  was  compared  with 
outputs  fron  an  ideal  maximum-power  tracker.  In  a wide  variety  of  degraded 
arrays  the  scudies  found  insignificant  increases  in  annual  energy  losses  in 
tracking  arrays. 

R.  H.  Weaver  (JPL)  described  the  instruswntation  installed  at  the  JPL 
field-test  site  to  obtain  the  irradiance  data.  These  include  precision 
spectral  pyranometers , normal-incidence  pyrhelioiMters,  filtered  radiometers, 
LiCor  pyranometers  and  assorted  reference  cells.  These  instruments  are 
appropriately  mounted  on  a sun  tracker,  horizontally  or  tilted  at  34  degrees. 
Data  is  taken  every  five  minutes  from  sunup  to  sundown,  and  the  turbidity 
coefficient,  water  vapor  content  and  air  mass  are  calculated.  It  was  noted 
that  the  turbidity  coefficient  is  a good  indicator  of  the  diffuse  radiation 
fraction  in  the  normal  plane,  but  gives  poor  correlation  with  the  ra^io  of 
total  horizontal  to  total  tilted  irradiance. 

C.  H.  Seaman  (JPL)  described  experiments  using  an  optical  filter  to 
adjust  the  spectral  irradiance  of  the  large-area  pulsed  solar  simulator 
(LAPSS)  to  AMI. 5.  A "round-robin'*  set  of  intercosq>arison  tests  using  tour 
different  reference  cells  with  matched  and  unmatched  red-blue  ratios  and  using 
the  LAPSS  both  with  and  without  the  Schott  GG-4  filter  produced  the  following 
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MODULE  PERfEORMANC^  AND  FAILURE  ANALYSIS  AREA 


conclusions:  the  red-blue  ratio  is  not  a satisfactory  criterion  for  aatching 

reference  cells  with  solar  modules  for  power  measurements 9 and  if  the  LAPSS  is 
used  with  a filter  adjusting  the  spectral  irradiance  to  approximate  AMl.Sf 
then  the  reference  cell  need  not  be  matched  spectrally  with  the  module. 

A.  H.  Wilson  (JPL)  reviewed  contractor  and  in-house  activity  associated 
with  residential-array  research.  A roof-mounted  support  structure,  designed 
as  a research  laodel  and  fabricated  at  JPL,  was  reviewed  and  displayed  in  the 
PIM  lobby.  Features  of  the  model  were  presented,  including  its  lightweight 
non-conduct ive  frame,  simplified  configuration  for  module  installation  and 
removal,  and  an  electrical  s>8tem  design  consonant  with  proposed  1984  National 
Electrical  Code  requirements.  The  model  will  aid  JPL  efforts  in  synthesising 
solutions  to  the  technological  gaps  identified  by  contractor  and  JPL  studies. 

G.  R.  Mon  described  recent  voltage  isolation  test  results  that  included 
voltage  probability  characterisation  of  22  as-manufactured  materials, 
including  pottants,  single-layer  and  multilayer  back-surface  polymer  films, 
and  multilayer  composites.  The  advantages  of  using  multilayer  films  was 
emphasized  by  exhibiting  the  increased  reliability  to  be  gained  at  the  module 
level.  Preliminary  test  results  from  a small  sample  of  aged  materials  has 
indicated  a higher  failure  probability  at  a given  operating  voltage  for  aged 
(vs  unaged)  materials. 

A.  Shumka  (JPL)  reviewed  experiments  performed  on  one  type  of  module  to 
determine  the  relationship  between  leakage  current  and  temperature*  The 
leakage  current  betvreen  the  electrically  r rive  part  of  the  module  and  ground 
was  found  to  be  strongly  dependent  u|.  1 te  .perature  in  a module  using  PVB  as 
an  encapsulant.  As  a result  of  this  ic*  other  effects,  the  specification  of 
the  voltage-withstanding  test  is  bein<;  reviewed. 

A presentation  by  J.  W.  Lathrop  explained  the  encapsulated-cell  testing 
approach  being  used  at  Clemson  University.  Findings  from  earlier  tests  on 
unencapsulated  cells  and  differences  being  pursued  in  the  testing  of 
encapsulated  cells  were  summarized*  A total  of  more  than  367  encapsulated 
cells  involving  more  :'ian  25  different  metallization-encapsulation 
combiT.d^'i  will  be  tested. 

I'*  Oc^ih  (JPL)  and  G.  R*  Mon  (JPL)  described  in  a joint  presentation 
the  tef.t  prc^r*.y.,  data  reduction  methods  and  initial  results  of  long-duration 
module  :ertin^  at  Wyle  Laboratories  (Huntsville,  Alabama)*  Although  visual 
encapsulant  degradation  occurred  on  several  Block  II  and  III  PVB  modules  from 
temperature-humidity  environments,  the  loss  in  peak  power  was  on  the  order  of 
3Z  after  112  days  of  85^C/85Z  RH  exposure.  Other  failure  mechanisms  that 
identified  the  need  to  increase  JPL  quality  test  durations  to  verify  module 
20-year  field-site  capability  for  U.S.  environments  were  reviewed.  The  need 
for  an  intermediate  test  condition,  between  the  current  40^C/93Z  RH  and 
83^C/83Z  RH  temperature-humidity  levels,  was  also  discussed.  The  new  test, 
together  with  the  85®C/85X  temperature  soak  tests,  would  support  accurate 
definition  of  generic  module  degradation  rates. 
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PV  ARRAY/POWER-CONDITIONER  INTERFACE  UPDATE 

JET  PROPULSION  LABORATORY 
C.C.  Gonzalez 
Objective 

TO  CHARACTERIZE  FLAT-PUTE  ARRAYS  RY  OETERMIHMG  SIGHIFICAHT 
ARRAY  OPERATIHG  PARAMETERS: 

• OPTIMUM  OPERATING  VOLTAGE 

• OPERATING  VOLTAGE  RANGE  REQIHREO  TO  OBTAIN  A GIVEN 
AMOUNT  OF  ENERGY  ANNUALLY 

• MAXIMUM  POWER  AND  CURRENT  LIMITS  REQIHREO  TO  ORTAW  A 
GIVEN  AMOUNT  OF  ENERGY  ANNUALLY 

• MAXIMUM  OPEN-CIRCUIT  VOLTAGE 

• CHANGES  IN  VALUES  OF  OPTIMUM  AND  MAXIMUM  OPERATING 
PARAMETERS  WITH  ARRAY  DEGRADATION 

• ANNUAL  ENERGY  OUTPUT  VS  POWER  LEVEL 

(USED  TO  CALCULATE  POWER  CONOITIORER  EFFRUENCY) 
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Approach 


• Calculate  Effect  of  Array-Power  Conditioner 
Operational  Interface  Parameters  on  System 
Annual  Energy  Production: 

• Annual  Energy  Based  on  Hour-by  Hour 
Simulation  Using  Array  Temperature  and 
Irradiance  From  SOLMET  TMY  Tapes 

• 26  Site  Locations  in  U.S. 

• All  Parameters  Normalized  to  Array 
Maximum-Power  Parameters  at  Standard 
Operating  Conditions  (SOC  = NOCT,  100  mWjcrn^) 


Status  of  Array /PC  Interface  Studies 

• WORK  REPORTED  LAST  PIN 

• OPTIMUM  FIXED  OPERATING  VOLTAGE  AND  VOLTAGE  TRACKING 
RANGE 

• MAXIMUM  POWER  AND  CURRENT  LIMITS 

• MAXIMUM  OPEN  CIRCUIT  VOLTAGE 

• RECENTLY  COMPLETED  ACTIVITIES 

• CORRELATION  OF  COMPUTER  SIMULATION  RESULTS  WITH  WEATHER 
ATLAS  DATA 

• COMPARISON  OF  ANALYSIS  RESULTS  WITH  VARIATIONS  IN  ARRAY 
TILT  ANGLE 

• DEVELOPMENT  OF  TECHNIQUE  FOR  USING  ARRAY  SIMULATION 
RESULTS  TO  OBTAIN  POWER  CONDITIONER  EFFICIENCY 

• REPORT  FOR  SANOIA  PCS  SPECIFICATION 

• PAPER  FOR  ASIISES  MEETING  (HOUSTON.  TX.  JULY  14,  1982) 

• COORDINATION  OF  JPUMIT  PCS  STUDIES 

• FUTURE  ACTIVITIES 

• FINAL  REPORT  IN  PREPARATION 

• PROVIDE  SUPPORT  FOR  CONCENTRATOR  ANALYSIS 
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OPTIMUM  OPERATING  VOLTAGEA/mp  AT  SOC 
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OF  POOR  QUALITY 


Correlation  of  Computer  Simulation  Results 
With  Weather  Atlas  Data 


PROBLEM: 

w UGN  OF  HOURLY  DATA  UmiTS  USEFULNESS  OF  COMPUTER 
SIMULATION  RESULTS 

• OPTIMUM  OPERATING  VOLTAGE 

• ENERGY  LOSS  WITH  FIXED  VOLTAGE  OPERATION 

• EFFECT  OF  FILL  FACTOR  ON  OPTIMUM  OPERATING 
VOLTAGE 

• EFFECT  OF  FILL  FACTOR  ON  ENERGY  LOSS 

• MAXIMUM  OPEN  CIRCUIT  VOLTAGE 

SOLUTION: 

• OBTAIN  CORREUTIONS  WITH  VARIOUS  WEATHER  ATLAS  OATA: 

• ANNUAL  AVERAGE  DAILY  MAXIMUM  TEMPERATURE 

• STANDARD  DEVIATION  OF  DAILY  MAXIMUM 
TEMPERATURE 

• Ki  = DIFFUSE  FRACTION  OF 
EXTRATERRESTRIAL  SOLAR  IRRAOIANCE 

• IUKt  ^ DIFFUSE  FRACTION  OF  SURFACE 
SOLAR  IRRAOIANCE 

• COLDEST  RECORDED  TEMPERATURE 


Array  Optimum  Operating  Voltage  vs  Average 
Daily  Maximum  Temperature 
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LOSS 
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ORIGINAL  PAGE  IS 
OF  POOR  QUALITY 


Array  Annual  Energy  Loss  With  Fixed -Voltage  Operation 
vs  Standard  Deviation  of  Daily  Maximum  Temperature 


I-V  CURVE  FILL  FACTOR 
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Percentage  of  Energy  Loss  vs  Fill  Factor 


Oh'iG;r:,\L  13 

OF  POOR  QUALITY 


PERCERT  ERER6Y  LOSS 
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APfRCENT  ENEKBY  LOSS/AFF 
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* * \ ..  .«>  si 

OF  POOR  QUALITY 


Array  Energy  Output  vs  Irradiance 


Comparison  of  Analysis  Results  With  Variation  in  Array  Tilt  Angle 


± % 

POWER  LIMITS 

;«RENT  LIMITS 

VOLTAGE 

REQUIREO  TO 

REQUIRED  TO 

TRACKING 

OBTAIN  % 

OBTAIN  % 

TILT 

OPTIMUM 

% 

WnOTH  TO 

ENERGY  LOSS 

ENERGY  LOSS 

AHGLE 

OPERATING 

ENERGY 

OBTAIN 

SITE 

(DEGREES) 

VOLTAGE 

LOSS 

0.1%  LOSS 

99.0 

99.9 

99.1* 

99.9 

AIBUOUERQUE 

35.05  • 

0.S6 

1.7 

8.5 

1.04 

1.13 

1.17 

20.05 

0.05 

1.7 

B.5 

1.01 

1.11 

1.34 

1.15 

■ i 

50.05 

0.96 

1.6 

8.5 

1.06 

1.15 

1.06 

1.17 

MIAMI 

25.00* 

0.93 

0.7 

5.5 

0.82 

0.91 

0.86 

0.97 

0.93 

0.7 

5.5 

0.80 

0.88 

0.88 

0.94 

40.10 

0.93 

0.7 

6.0 

0.63 

0.93 

0.67 

0.98 

BISMARCK 

46.77* 

0.97 

2.5 

12.5 

0.96 

1.08  i 

1.05 

31.77 

0.97 

2.4 

12.5 

0.94 

1.06 

1.05 

0.98 

2.7 

13.0  j 

1 0.95 

1.10 

0.93 

1.04 

* TILT  AMGIE  EQUALS  SI7E  LATITUDE 
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OF  POOR  Q s * 

Normalized  Power  vs  Operating  Time 


0PBUTW6  TIME  AT  raWBI>P 


Effect  of  Power  Conditioner  Efficiency 
on  Array  Annual  Power  Production 
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Fraction  ot  Annual  Array  Energy  Available 
in  Various  Relative  Power  Intervals 

ARIIAY  RELATIVE  POWER  IRTERVAL 

SITE 


0.00.2 

0.2  0.4 

0.40.0 

0.00.8 

0.01.9 

1.01.2 

ALBUQUEROUE  MM 

0J0343 

00702 

01040 

02133 

03093 

02010 

BISMARCK  HD 

OJOTSO 

0.1303 

0144: 

02435 

03277 

00739 

BOSTON  MA 

0J0007 

0.1303 

01905 

02140 

02741 

00103 

BROWNSVILLE  TX 

IL0S7Z 

0.1393 

02025 

03907 

oin5 

00130 

CARIBOU  ME 

0J779 

01734 

01754 

02511 

02542 

01009 

CHARLESTON  SC 

OJOS41 

01512 

01990 

03749 

02043 

00150 

TORT  WORTH  TX 

0L0S90 

01105 

01042 

03104 

02995 

0J0403 

TRESHO  CA 

00440 

00990 

01213 

02721 

04090 

00533 

MIAMI  FL 

OOSOO 

01554 

02302 

04440 

01073 

00035 

OMAHA  HB 

00002 

01202 

01420 

02723 

03119 

00707 

PHOENIX  AZ 

00330 

00079 

01275 

03091 

03021 

00590 

SEATTLE  WA 

0.1302 

0.1003 

01847 

02524 

02092 

00032 

AVERAGE 

0.0047 

01305 

01007 

03027 

02033 

00522 

CUMULATIVE 
VALUE  OF 

00047 

01952 

03019 

00040 

09479 

tilOOO 

AVERAGES 


Summary  and  Conclusions 

• EXCEUENT  CORRELATIOIIS  OBTAINED  lAITH  RECORDED  WEATHER  DATA 
FOR  FOLLOWING: 

• ARRAY  OPTIMUM  OPERATING  VOLTAGE 

• ANNUAL  ENERGY  LOSS  (%) 

• VARIATION  OF  OPTIMUM  OPERATING  VOLTAGE  AND  ENERGY 
LOSS  1%)  WITH  FILL  FACTOR 

• MAXIMUM  OPEN-CIRCUIT  VOLTAGE 

• SENSITIVITY  OF  ANALYSIS  RESULTS  TO  ARRAY  TILT  ANGLE  IS  MINOR 

• DETERMINED  COMPOSITE  ENERGY  FRACTION  PER  GIVEN  POWER 
INTERVAL  FROM  DATA  FOR  26  SITES 
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Ur 

ARRAY  DEGRADATION 
AND  VOLTAGE  CONTROL  STRATEGIES 

MASSACHUSETTS  INSTITUTE  OF  TECHNOLOGY  LINCOLN  LABORATORY 

H.M.  Branz 
G.W.  Hart 
C.H.  Cox 

Typical  Single  "Glitch-Point"  Curves 
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OF  POOR  QoALll  Y 

Shorts  in  a Series-Wired  Array 
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Method 

o Focus  on  resulting  curve  shape; 
not  on  underlying  failure 

o Assume  single  "glitch-point"  curves 

o Simulate  using  TMY  hourly  data 

o Compare  annual  energy  between  ideal 
T«rximum  power  tracker  and  best  flxed 
voltage 
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MPT  Array  Energy  as  a Function  of  Glitch-Point  Location 


ori2:'::l  r;'  Ui 
Of  POCR  QUALITY 
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PercentagG  of  MPT  Array  Energy  vs  Glitch-Point  Location 
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original 
OF  POOR 


F‘V?S  IS 
quauyy 


0 5 0 6 0 7 0 8 09  10 


VOLTAGE  /V„ 

uNLiMireo 

■ 'RACKING 
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omsmi  PAr,c:  13 

OF  POOR  QUALITY 


BFV  Array  Energy  as  a Function  of  Glitch-Point  Location 


CURRENT/I 
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ORIGINAL  PAC;  13 
OF  POOR  QUALITY 
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OKJG^NAL  13 

OF  POOH  QUk--’TY 


0 8 


CURRENT / I 
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CURRENT / I 
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o -a 
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BH 


OF  POOR  Qu^;u;  v 


Opens  in  a Parallel-Wired  Array 


CURRENT /I 
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ORIGINAL  PA2.T  ;3 
OF  POOR  QUALITY 
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ORIGINAL  PAGZ  iS 
OF  POOR  QUALITY 


Two  Special  Cases 


Conclusions 

Best  Fixed  Voltage  vs 
Ideal  Maximum  Power  Tracker 

Small  Difference 

o Open  in  series  connected  array 
o Short  to  ground  near  top  of  array 

Large  Difference 

o Short  in  parallel  connected  array 
o Glitch  below  maxium  power  radial 
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l-V  CURVE  DATA  BASE  AND  APPLICATIONS 

MASSACHUSETTS  INSTITUTE  OF  TECHNOLOGY  LINCOLN  LABORATORY 

G. W.  Hart 

H. M.  Branz 
C.H.  Cox 

Data  Base 


• IV  CURVES  EVERY  3 MNUTES 

• COLLATERAL  DATA 

• CELL  TEMPERATURE 

• WEATHER  CONDITIONS 

• PLOT  CELL  DATA 


Applications 


• IV  CURVE  TRANSLATION 

• VOTAGE  CONTRa  STRATEGES 

• MAX  POWER  TRACKNG 

• nXFD  VOLTAGE 

• PLO^CELL 
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OF  POOR  quality 


i-ffect  of  Insolation  and  Cell  Temperature  on  l-V  Curves 


Measured  and  Simulated  l-V  Curves 


Legend 

SiMULAT£D 

MEASURCD 
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CRiGl.\'AL  FA?Z  IS 

OF  POOR  QUALITY 


Pilot  Cells 


VOITAGE 

I caL  lo  aus 


t 

* 


♦ 


CUB8ENT 

icai 

0'“ 


PEtCENT  ENEPCT  LOtt 
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OPlGli\'AL  PAGi  IS 
^ POOR  QUAUTT 


Energy  Lost  With  Voltage-Mult'plying  Pilot  Cell 
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OV/Ol  16: 3S  CmjLT 


COBSTIh-  iFCt  9l|f  c»:il 


Pilot  Cell  Experiments 


BASED  ON  IV  CURVtS  ICASUKD  evOty  3 MMJTCS 
FOB  3 «*CD(SM  JANUARY 


TOM.  OCRGY  AMLABLE  TO  DEAL  MAX  POWER  TRACKER 

67^ 

rscEOVOLlAOE 

6S.8 

2.20X 

LOSS 

VOLUCE  WULrnrMC  (lOELp 

68.8 

0.7W 

LOSS 

VOLTAGE  MUlTrLYM:  (»  C&LS) 

66l5 

I.I7X 

LOSS 

CURRENT  MULTKYMC  (1  CELL) 

62.5 

7.15% 

LOSS 
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IRRaDIANCE  data  for  jpl  test  site 

JET  PROPULSION  LABORATORY 
R.W.  Weaver 

• JPL  TEST  SITE  HAS  BEEN  RESTRUCTURED  TO  OBTAIN  DATA 
FOR  THE  EARLY  DETECTION  OF  PERFORMANCE  PROBLBAS 

i PERFORMANCE  DATA  MUST  BE  ADJUSTED  TO  RffBtENCE  CONDITIONS 

a IRRADIANCE  VALUES  ARE  KEY  TO  ADJUSTMENT  PROCESS 

• A COMPREHENSIVE  SET  OF  IRRADIANCE  MEASURING  INSTRUMENTS 
HAVE  BEEN  INSTALLED 


Irradiance  Instruments 

TRACKER  MOUNTED:  (±  0.25  DEG  ACCURACY) 

f EPPLEY  PRECISION  SPECTRAL  PYRANOMETW  (PSP) 
f EPPLEY  NORMAL  INCIDENCE  PYRIfLIOMETR  (NIP) 
t JPL  FILTERED  RADIOMETER  500.  858  AND  9«0  NANOMETERS 
FIXED: 

HORIZONTAL; 

• EPPLEY  PSP 

e Ll-COR  PYRANOMETER 
TILTED  AT 38  DEG.; 

• EPPLEY  PSP 

• Ll-COR  PYRANOMETER 
f 11  REFERENCE  CELLS 
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Instrument  Calibration 


PYRANOMETERS: 

• ONE  EPPIEY  PSP  WAS  CALIBRATED  BY  NOAA 

• AU  WERE  MOUNTED  HORIZONTAUY 
t DATA  WBTE  TAKEN  FOR  All 

• THE  CALIBRATED  PSP  WAS  USED  AS  A STANDARD  FOR  ML  OTHERS 
NIP: 

t USED  EPPIEY  CALIBRATION  VALUES 
FILTERED  RADIOMETBT: 

• USED  SUPPLIED  CALIBRATION  VALUES 

UPL  SOLAR  ENBTGY  CONVBTSION  SYSTEMS  SECTION, 


Irradiance  Data 

MEASURED:  (EVERY  5 MINUTES  FROM  SUN  UP  TO  SUN  DOWN) 


• DIRECT  NORMAL  (DN) 

• TOTAL  NORMAL  (TN) 

t TOTAL  HORIZONTAL  (TH» 

f TOTAL  TILTED  (TT) 


t TILTED  TOTALS  FOR  EACH  REF.  CELL 
f RADIOMETER 

COMPUTED: 

• TURBIDITY  COEFFICIENT 

• WATER  VAPOR 

• AIR  MASS  (FROM  BAROMETRIC  PRESSURD 
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ORiGirJAi.  PAGE  IS 

OF  POOR  QUALITY 


Results:  Total  Tilt  (TT)  and  Total 
Horizontal  (TH)  Fractions 


OBOO  0900  1000  1100  1200  1300  1400  1500 

TIME  OF  DAY 


Results:  Total  Horizontal  to  Total 
Tilted  Ration  vs  Time  of  Day 


TIME  OF  DAY 
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DN/TN  OR  TH/TT 
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ORIGINAL  PAGE  IS 
OF  POOR  QUALITY 


Results:  Direct  Normal  to  Total  Normal  vs  Turbidity 
Coefficient;  Total  Horizontal  to  " * I Tilted 
vs  Turbidity  Coefficient 


Summary 

• TURBIDITY  COEFFICIENT  IS  A GOOD  INDICATOR  OF  THE 
DIFFUSE  IRRADIANCE  FRACTION  IN  THE  NORMAL  PLANE 

• POOR  CORRELATION  BETWEEN  TURBIDITY  AND  THE  RATIO 
OF  TOTAL  HORIZONTAL  TO  TOTAL  TILTED 

• TRANSFORMATIONS  BETWEEN  THE  NORMAL.  HORIZONTAL 
AND  TILTED  PLANES  MAY  REQUIRE  DIFFUSE  SOURCE  DATE 

« THE  REFERENCE  IRRADIANCE  SHOULD  BE  MEASURED  IN 
THE  TILT  PUNE 
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AM  1.5  FILTERING  SYSTEM  FOR  LAPSS 

JET  PROPULSION  LABORATORY 
C.H.  Seaman 

Spectral  Irradiance,  Unfiltered  LAPSS  and  AM  1.5 


WAVELENGTH  (NANOMETERS) 
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SPECTRAL  RESPONSE  (mA/mW)  SPECTRAL  RESPONSE  (mA' 
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OK  POCR  C'.'ALITY 


400  500  600  700  800  900  1000  1100 

WAVELENGTH  (NANOMETERS) 


1.0 
as 

0.2 
0.1 
0.05 

0.02 

400  500  600  700  800  900  1000  1100 


WAVELENGTH  (NANOMETERS) 
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OR!G?’-iAi  is 

The  Mismatch  Factor  M OF  poor  quality 

■(2E3,R,iA,MIE,iRc|Ail 

Ejj  ■ LAPSS  SPECTRAL  IRRADIANCE 

E^j  - AM  1.5  SPECTRAL  IRRADIANCE 

Rj..  -TEST  CELL  SPECTRAL  RESPONSE 

R„  • REFERENCE  CELL  SPECTRAL  RESPONSE 
Rl 

ERROR -M-l 


Measured  Error  Using  Unfiltered  LAPSS 


1 
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NO 
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Required  Correction  Fitter 


400  500  600  TOO  800  900  1000 

WAVEUNGTH  (NANOMHERS) 


Schott  GG-4  Filter 
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Spectral  Irradiance,  Filtered  LAPSS  and  AMI  .5 


ENGINEERING  SCIENCES  AREA  CR»g;;  ; L P : 
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Calculated  Errors  Using  Filtered  LAPSS 
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Measured  Errors  Before  and  After  Filtering 
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RESIDENTIAL  ARRAY  RESEARCH 

JET  PROPULSION  LABORATORY 
)>  H.  Wilson 

Resident^a.  /-.rray  Technology  Gaps 

• Water  Saalia0 

• TadH\ii|aa£  fry  Harizaatal  Joints 

• Goncsra  Otfn>  Seal  Darability 

• Modnla  S^^iiort  S 'octara 

• 2 vs  A Sides  Modnla  Support 

• Edge  Protection  of  Glau 

• Methods  to  M»nimite  Field  Labor 

• Installation  of  Frame  Structure  on  Root 

• InstoHction  and  Repiticeinent  of  Modules 

• Electrical  Safety 

• Allowrable  Wiring  and  Connectors 

• Concern  With  Conductive  Structures 
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OF  POOR  Qi 

JFL  In-House  Residential  Array  Research  Acti^iy: 

Objective  and  Approach 

• Systhisiif  ResidkmtiM  Arri|  Solotior’  lo  ideRtifM  laps: 

• Ufht  Weight  Nor  Caniiuctiva  Stmcteral  Frantes 

- ioff  Condsctive  to  Elimmate  Need  for  Croanding 

- Factory  Pro  Assemhly  to  Mintmire  FttW  labor  and 

- Integral  Scaffolding  Provido  4 Sitte  ilodolt  Sopport 

- Intafral  Drain  fiattara  to  Acfiieva  Long  lift  Water  Staling 

- Snap  Bing  Type  Module  Btfainer 

• Undergroand  Feeder  Cable  to  Meet  Proposed  1984  NIC 
Code  Constraints 

• Module  Sappert  Brackets  to  Facilitate  Module  Installation 

• Fabricate  Array  Research  Model  to  Iviloete; 

• Stractarel  Loodtng  Capebitities 

• Thermal  Expansion  Effects 

• Beth  Parallel  end  Series  CircaH  Regoirements 

• Module  Installation  and  Replicoment  ideas 

• Waatbaring  and  Water  Sealing  Capabilities 

• Aesthetic  Appeirance 


i . 
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Upper  Modules  Supported  by  Brackets 


acing  Modu 
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ORIGINAL  PAOE  rs 

OF  POCi?  QUALITY 


UV-Stabilized  Extrudable  Thermoplastics  Properties 


i-IATERIAL 

Deflec- 

tion 

Temp 

Tensile 
10^  PSI 

Compressive 
10^  PSI 

Flexural 
10^  PSI 

Flexural 
Modulus 
10^  PSI 

Supplier 

acetal 

225 

16.0 

13.0 

375 

DuPont 

^tVLON 

365 

10.0 

13,0 

14.0 

390 

DuPont. LNP 

PrtENYLENE 

OXIDE 

265 

3.6 

16,4 

13.5 

360 

Gen. Elec. 

Polycarbonate 

220 

7.0 

il.O 

13.0 

300 

Mobay 

POLYSULFoNE 

400 

12.4 

330 

ICI  America 
LNP 

Chlorinated  PVC  21:> 

7.5 

9,0 

14.5 

380 

Goodrich 

PVC  (KEF. 
Point) 

i;5-18G 

6.0 

3.0 

10.0 

300 

Goodrich. 

Kohinor 


.aPF.IL,  iy32 

Summary 

• Array  Concepts  Have  Been  Developed  and  Discussed 


Future  Work 


• Continue  Experiments  Using  Research  Model 


Report  on  Resi'<ential  Array  Research  Model  Work 
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VOLTAGE  BREAKDOWN  OF  PV  INSULATING  MATERIALS 

JET  PROPULSION  LABOR ^.ORY 
G.R.  Mon 

Program  Objectives 

■ Characterize  Statistical  Voltage  Breakdown 
Behavior  of  Electrical  In  ulation  Materials  and 
Composites  UseJ  in  Photovoltaic  Modules 

■ Develop  Algorithms  to  Predict  Modulo 
Field-Failure  Probabilities  at  System 
Operating  Voltaga.* 

■ Develop  Algorithms  for  Selecting  Insulation 
Systems  With  Least  Life-Cycie  Energy  Cost 


Approach 


■ Break  Down  Many  Test  Areas  (Aj  = 0.785-in^)  of 
Candidate  Insulation  Systems 

■ Devfiop  Statistics!  Breakciaivn  Curves  for 
Esr.n  System  Tested 

■ Selectively  Age  Candidate  Systems  in  an 
Environmental  Aging  Chamber 

■ Conduct  Additional  Breakdown  Tests  at  Reasonable 
Intervals  During  the  Aging  Process  to  Ascertain  the 
Effects  of  Aging  on  the  Voltage  Breakdown  Characteristics 
of  the  Candidate  Insulation  Systems 
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Materials  Tested  to  Date 


Mylar 

Mylar 

Mylar 

Mylar 

Scotchpar:  10  CP  1110 
Scotchpar:  20  C**  3110 
Mylar  Unagad 
Apad* 

Myla' 

Mylar 

Mylar 


EVA 


EMA 


THICKMESS 

(mils) 


NO.  OF 
LAYERS 


THICKNESS 
PER  LAVER 

(mils) 


NO.  OF 
TEST 

POINTS 


13 

Tmilar;  100Bb30TR 

14 

Tadfar:  100B630UT 

68040  Primar 

15 

Tadlar:  100SG30TR 

16 

Tadlar:  1S0BL30WH 

17 

Tadlar;  200BS30WH 

68040  Primar 

18 

Tadlar:  200SG40TR 

19 

Tadlar:  Milliy 

20 

Tadlar:  Expaiimantal  WK 

■ Unagad 

Agad* 

21 

Polyastar 

22 

TadlarfAluminum/Polyastar/ 

Tadlar 

TAPT 

TPAT 

1.0 

1 

1.0 

1 

1.0 

1 

1.5 

1 

2.0 

1 

2.0 

1 

*Agad  1600  h at  40<i:/93%  RK,  Tima  Dakamidifiad 
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JF  ' 

Voltage  Breakdown  Characteristics  of  Single-Layer 
and  Multilayer  Polyethylene  Terephthalate 
Insulation  Films  (per  Unit  Test  Area:  Aj  = 0.785  in^) 


0.48-mil  Mylar  (1  Layer)- 


-1.00-mK  Seatshpar 

(1  Uyer) 


0.92  mil  Mylar 
(1  Layer) ^ 


t. 42n.il  Mylar- 
1.1  Layer) 


/ 3.00  mil  Mylar  (1  Layer) 


2.00-mii  ScatchiMr  (1  Layer) 


2.5  mil  Mylar  (4  LayersiO.48  mil)  ^ p iay,rt/1. 42-mil) 


NOTE;  S.OO-mil  Mylar  (4  Layers  at  0.92  mils  Eaeli) 
8.00-mH  Mylar  (2  Layers  at  3.00  mils  Each) 
Exhibited  No  Flew-Controlled 
Breakdowns  Balow  25  kV  — ■ " 


APPLIED  VOLTAGE.  kV 
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Oi*  ^OC'.v 

Theoretical  Film  and  Module  Failure  Probabilities 


■ The  Breakdown  Probability 
of  a Single  Teat  Area 

lAy  = 0.785  in<).  Deter 
mined  by  Rffeeterement  Is  o. 

The  Breekiiown  Prob&bility 
of  a Test  Area  of  a 
Meltilaysr  Film  is  Pm  = ^ Pj 

i=1 

Whero 

Pi  - Broakdown  Probability  of  a 
Test  Area  of  Layer  i 
m = Number  of  Layers 

■ If  All  of  the  Layers  Are  Identical. 
Then  p„  = p*" 


■ The  Breakdown  Probability  of  a Module  Using 
Multilayer  Insulating  Films  is  PmoD  ~ ^ ~ 

Where  [l467]  f2X/ft] 

1 293^!  I 1 4X4  ft  1 Modules 
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OF 


Theoretical  vs  Measured  Voltage  Breakdown  Characteristics 
of  Multilayer  Mylar  Insulation  Films:  Single  Layer,  0.48  mils 
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CUMULATIVE  FAILURE  PROBABILITY 
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ORiGiriAL  PAGE  IS 
OF  POOR  QUALITY 


Theoretical  vs  Nteasured  Voltage  Breakdown  Characteristics 
of  Multilayer  Mylar  Insulation  Films:  Single  Layer,  1 .42  mils 
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V,#  1 f* 

Failure  Probability  of  Modules  Using  Indicated 
Number  of  Layers  of  0.48-mil  Mylar  Insulating  Film 


MODULE  FAILURE  PROBABILITY 


ENGINEERING  SCIENCES  AREA  npr-r...  „ 

MODULE  PERFORMANCE  AND  FAILURE  ANALYSIS  AREA  PAGE  IS 

OF  POOR  01  \l  :ry 

Failure  Probability  of  Modules  Using  Indicated 
Number  of  Layers  of  1 .42-mil  Mylar  Insulating  Film 
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Conclusions  Frorr.  Multilayer  Studies  quality 

■ Multilayer  Mylar  Films  Perform  Better  Then  Theoretically  Expected.  Perhaps 
Because  of  the  Presence  of  Bonding  Layers 

■ Minimum  Life-Cycle  Costing,  in  Conjunction  WKh  the  Medela  Failure  Probahility 
Curves.  Can  Be  Used  to  Determine  the  Least  Numher  of  Film  Layers  That  Will 
Ensure  Acceptable  Hi-Pot  Yields 

• Reference:  G.  Mon.  "Defect  Design  of  insulation 
Systems  for  Photovoltaic  Modules."  1 5th  IEEE 
Photovoltaic  Specialists  Conference,  pp.  964-971.  1991 

■ With  Knowledge  of  How  Environmental  Exposure  (Aging)  Changes  a Materials 
Voltage  Breakdown  Characteristics.  These  Same  Design  Tools  Can  Determine 
Dielectric  Design  to  Yield  Acceptable  Module  Performance  Over  the  Life  of 
the  Array  Field 


Aging  Studies 

■ Purpose: 

• To  Ascertain  Changes  in  Dielectric  Voltage 
Breakdown  Characteristics  Resulting  From 
Environmental  Exposure 

• To  Enable  Realistic  Prediction  of  20-Year 
Failure  Probabilities 

■ Aging  Apparatus 

• HIVEC 

• Associated  Humidity  Chambers  and  Ovens 

■ Procedure 

• Break  Down  Selected  Films  Both  Before 
and  After  Aging 
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OF  poo  : C .i-  iV 


Voltage  Breakdown  Characteristics  of  4.00-mil  Experimental 
White  Tedlar:  Unaged  vs  Aged  (1704  h at  40*^0/93%  RH) 


Conclusions  Based  Upon  Ag'ng  Studies 

■ Preliminary  Results  Indicate  That  Environmental  Exposure 
Can  Significantly  Alter  Single-Layer,  and  Hence  Module. 
Failure  Probabilities 

■ Much  Additional  Testing  Is  Necessary  Before  Final 
Conclusions  Can  Be  Made 
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ENGINEERING  SCIENCES  AREA 

MODULE  PERFORMANCE  AND  FAILURE  ANALYSIS  AREA 

Additional  Test  Results 


■ Encapsuiants  OF  t-C  " ' c»  A'  riY 

• EVA 

• EMA 

■ Back-Cover  Films 

• Tedlar 

• Polyester 

• TedlarlPolyester/Aluminumrredlar 


Voltage  Breakdown  Characteristics  of  Single-Layer  Tedlar 
Films  (per  Unit  Test  Area;  Aj  = ir/4  in^) 
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OF  POO.^"’ 


QJALiTY 


Voltage  Breakdown  Characteristics  of 
Tedlar/Polyester/Aluminum/Tedlar  (1 .50/4.0/0.7/1 .5  mils) 


L>;  actions  for  Future  Research 

^ C-'.linustion  of  Voltage  BreakdotMO 
uh^ructenzatiop  Program 

Test  Composite  insulation  Systems 
e Develop  Cost-Optimal  Module  Design  Algorithms 
Based  Upon  Voltage-Probability  Data 

■ Conduct  Fundamental  Degradation  Studies  of 
Photovoltaic  Insulation  Systems 

• Partial  Discharge  (Corona) 

• Pulse-Height  Analysis 

• rfiddle  acldc  Test  Equipment  Can  Measure  Microscopic 
Erosion  of  Dielectric;  May  Enable  Long-Term  Prediction  of  Module 
Electrical  Service  Life  Without  Extensive  Testing 
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LEAKAGE  CURRENT  IN  ENCAPSULANTS 

JET  PROPULSION  LABORATORY 
A.  Shumka 


Objectives 

• CHARACTERIZE  THE  LEAKAGE  CURRENT  BETWEEN  CaLS  AND  A MODULE  GROUND 
PLANE  AS  A FUNCTION  OF  VOLTAGE  AND  TEMPERATURE  FOR  ONE  PARTICULAR 
TYPE  OF  COMMERCIALLY  USED  ENCAPSULATION  SYSTEM 


• EVALUATE  LEAKAGE  CURRENT  RESULTS  IN  TERMS  OF  CURRENT  PROCUREMENT 
SPECIFICATION  REQUIREMENTS 


• INDICATE  WHERE  AN  UPGRADING  OF  THESE  SPECIFICATIONS  MAY  RESULT 
IN  MODULE  DESIGNS  WITH  IMPROVEMENTS  IN  LONG  LIFE  AND  SAFETY 


Module  Procurement  Specification  for  Leakage  Current 

• REOUIRFMENT  OF  SPECIFICATION 

• ROOM  TEMPERATURE  LEAKAGE  CURRENT  NOT  TO  EXCEED  50^  A 2000  Vdc 
(HI -POT  TEST) 

• LIMITATION  or  SPECIFICATION 

• TYPICAL  NOCT  FOR  BLOCK  IV  MODULES  RANGES  FROM  SOTO  60  C 

• NO  SPECIFICATION  FOR  LEAKAGE  CURRENTS  ABOVE  ROOM  TEMPERATURE 

• NO  SPECIFICATION  FOR  MAXIMUM  ALLOWABL'"  TEMPERATURE  COEFFICIENT 
FOR  LEAKAGE  CURRENT 


ENGINEERING  SCIENCES  AREA 
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Test  Approach 


OF  POGR 


• SELECTED  THREE  BLOCK  IV  MODULES  SAME  DESIGN  AND  MANUFACTURE  - 
ONE  OF  WHICH  HAD  A REPORTED  TEMPERATURE  SENSITIVE  LEAKAGE  CURRENT 


• MEASURE  CAPACITANCE  AND  DISSIPATION  FACTOR  AT  ROOM  TEMPERATURE 


t MEASURE  PARTIAL  DISCHARGE  (CORONA)  BREAKDOWN  VOLTAGE  AT  ROOM 
TEMPERATURE 


• MEASURE  AND  CHARACTERISE  MODULE  LEAKAGE  CURRENTS  AT  SEVEN  DIFFERENT 
VOLTAGES  (100,  200,  500,  1000,  1500,  AND  2000  Vdc)  AND  AT  SEVEN  TEMPERATURES 
(24,  35,  45,  55,  65,  75  AND  85C) 


Exploded  View  of  Module  Structure 


CLEAR  GLASS 


- fVB  0.015"  K 12"  X 48"  — 
CELL  0.016" 

-PV8  0.015"  X 12"  X 48" 

RETURN  eUSO.  2*  X 0.005 
PVR  0.015"  X 4"  X 48" 

TEDLAR  0.004"  x 12"  x 48" 
"STEEL  0.002"  X 12"  x 48"  ■ 
TEDLAR  0.004"  x 12"  x 48" 


A 

REPRESENTATIVE  STRUCTURE  FOR 
rWO  THIRDS  OF  MODULE  AREA 


J 


H TnJ^ 


REPRESENTATIVE  STRUCTURE  FOR 
ONE  THIRD  OF  MODULE  AREA 
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Capacitance  Dissipation  Factor  at  Room  Ambient,  1 kHz 


MODULE 

S/N 

CAPACITANCE 
VALUE  IN 
(mF) 

DISSIPATION 
FACTOR  VALUE 
IN(%) 

REMARKS 

1 

0.02231 

5.30 

SUBJECT  MODULE 
RETURNED  FROM 
HAWAII 

2 

0.02149 

4.95 

COMPARISON  MODULE 
IPL  SPARE 

3 

0.01976 

4.60 

COMPARISON  MODULE 
JPL  SPARE 

Partial  Discharge  {Corona)  at  Rooni  Ambient,  60  Hz 


PARTIAL  DISCHARGE 
"INCEPTION" LEVEL 

PARTIAL  DISCHARGE 
AT  100  pC  LEVEL 

MODULE 

j/N 

(pC) 

TEST  VOLTS 
(kV  PEAK) 

(pC) 

TEST  VOLTS 

REMARKS 

1 

20 

6.6 

124 

7.9 

MODULE  RETURNED 
FROM  HAWAII 

2 

22 

5.8 

103 

6.3 

COMPARISON  MODULE  - 
JPL  SPARE 

3 

23 

4.4 

105 

5.1 

COMPARISON  MODULE - 
JPL  SPARE 

now.  THE  100  pC  LEVEL  OF  PARTIAL  DISCHARGE  IS  EQUIVALENT  TO  ^ 10  tjA 
AVERAGE  CURRENT. 
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ck:g::*al  is 

OF  POO>^  QUALITY 


DC  Leakage  Current  Test  Results  vs  Temperature 
and  Voltage:  Module  No.  1 


DC  UAKAGE  CURRENT  IN  MICROAMPERES 
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OK  POOR  CUALITY 

DC  Leakage  Current  Test  Results  vs  Temperature 
and  Voltage:  Module  No.  1 


0 20  40  60  80  100  120  140 

TEMPERATURE  IN  DEGREES  CENTIGRADE 
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OR.'G.ry!"  - 7 

POOh  -UALITY 

Voltage  as  a Function  of  Temperature 
for  a 50  fiA  Leakage  Current 


MODULE  TEMPERATURE  (DEG  C)  FOR  A 50  fxA  DC  LEAKAGE  CURRENT 

VOLTAGE 

(VOLTS) 

MODULE  f 1 WITH 
TERMINAL 
POLARITY 

MODULE  #2  WITH 
TERMINAL 
POLARITY 

MODULE  #3  WITH 
TERMINAL 
POLARITY 

+ 

- 

4- 

- 

+ 

- 

2000 

42 

42 

40 

40 

41 

40.5 

1500 

44 

44.5 

42.5 

42 

45 

46 

1000 

52 

49.5 

47 

47 

52.5 

55 

500 

59.5 

58 

56 

59.5 

59.5 

62.5 

200 

65 

71 

62.5 

69.5 

68 

72 

100 

71 

77.5 

69 

76.5 

74 

70 

+ POURITY  - MODULE  FRAME  CONNECTED  TO  GROUND 
- POLARITY  - TERMINALS  CONNECTED  TO  GROUND 
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Insulation  Resistance  Test  Results  vs  Temperature 
and  Voltage:  Module  No.  1 


DC  TEST  VOLTAGE  IN  VOLTS 


5 
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Conclusions 


• LEAKAGE  CURRENT  IN  THE  ENCAPSULATION  SYSTEM  TESTED  - PVB/TEOLAR  - 
EXHIBITED  A VERY  STRONG  DEPENDENCE  ON  TEMPERATURE  AND  MAY  REPRESENT 
POTENTIAL  LONG  TERM  PROBUEMS 


• NEED  TO  SIMILARLY  CHARACTERIZE  OTHER  ENCAPSULATION  SYSTEMS 


• NEED  TO  UNDERSTAND  CONDUCTION  MECHAN'SM  IN  TERMS  OF  TIME  AND 
TEMPERATURE.  THIS  PAY  PROVIDE  INFORMATION  IMPORTANT  FOR  QUALITY 
CONTROL 


• NEED  TO  DETERMINE  f.^FECT  OF  LEAKAGE  CURRENT  ON  LONG  TERM  LIFE 


• NEED  TO  REVIEW  EFFICACY  0!  BLOCK  IV  LEAKAGE  CURRENT  SPECIFICATION  - 
<50 ^A  AT  2000  Vdc  AT  ROOM  TEMPERATURE 


• NED  TO  ESTABLISH  SPECIFICATIONS  FOR  ACCEPTABLE  LEVELS  OF  LEAKAGE 
CURRENT  FOR  LONG  TERM  RELIABILITY  AND  SAFETY 
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OF  POOR  QUALITY 

CELL  RELIABILITY  TESTING 

CLEMSON  UNIVERSITY 
J.W.  Lathrop 

Accelerated  Stress  Tests 

FORM  TEST  LIMIT 

BIAS -TEMPERATURE 
PRESSURE  COOKER 
85°C/857.  RH 
THERMAL  CYCLE 

UNENCAPSULATED  THERMAL  SHOCK 


85°C/85%  RH 

THERMAL  CYCLE  ORGANIC  DECOMPOSITION 

ENVIRONMENTAL  T < 95®C 


ENCAPSUI>ATED 


SOLDER  MELTING 
T < 175°C 
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PHYSICAL 

PHENOMENON 


DIFFUSION 


CORROSION 


DIFFERENTIAL 

EXPANSION 


Anticipated  Failure  Mechanisms 

OBSERVED 

EFFECT 

LOSS  OF  COLLECTION  EFFICIENCY 
BULK  RESISTIVITY  INCREASE 
CONTACT  RESISTANCE  INCREASE 

METAL  REMOVAL 
METAL  PLATING 
AR  COATING  RF^OVAL 

METAL  PEELING 
CELL  FRACTURE 


' . » 

Gl'  I 


ACCELERATING 

TEST 


B-T 


PC 

85/85 


TC/TS 
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Proposed  S02~85°C-85%  RH  Test 
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U 
OC  < 
OC  U}  z 

W J o 

H fiQ 
< CD  t- 
» Z)  Ou 
OQ  O 


OF  FOGS  QL  ,_:rv 


WATER-BUBBLE? 

PRESSURIZED  (AT  81°C) 
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Modules  for  Encapsulated  Cell  Testing  of  poor  q*-V’ 
CELL  METALLIZATION  SYSTEMS 


Ni- 

-SOLDER 

Cu 

PLATE 

Ag 

SCREEN 

7 

TYPES 

2 

TYPES 

1 

TYPE 

\ 

S 

M 

S 

M 

S 

M 

G/EVA/G 

12 

50 

2 

3 

G/EVA/T 

18 

50 

2 

24 

3 

G/EMA/T 

18 

50 

2 

3 

G/EVA/F 

15 

5 

50 

3 

T/EVA/S 

15 

2 

3 

G/EVA 

25 

G/SR/G 

12 

78 

162 

13 

99 

15 

240 

112 

15 

106  261 


367 


S - SPRINGBORN  FABRICATED 
M - MANUFACTURER  FABRICATED 
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LONG-TERM  MODULE  TESTING  AT  WYLE  LABORATORIES 

JET  PROPULSION  LABORATORY 
D.H.  Otth 
Objectives 


• Understand  TemperaturalHumidity-Bias  Failure  Mechanisms  of  Typical  Photovoltaic 
Modules  and  Materials 

• Cells.  Encapsulants,  Interconnects 

• Back  Covers,  Edge  Seals 

• Establish  Generic  Functional  Relationships  Among  Temperature,  Humidity,  Bias 
and  Tima  for  Observed  Failure  Mechanisms 

• Determine  Relative  Lifetimes  of  Roof-Mounted  vs  Ground-Mounted  Arrays 

• Understand  Relative  Severity  (Acceleration  Factor)  of  Candidate  TIH-B  Qualification 
Tests  and  Define  Recommended  Levels 
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Long-Term  Module  Testing 


TEMPERATURE 


TEMPERATURE 

HUMIDITY 


OR.'G.’f.rL  r-ALI  CG 

OF  POOR  QUALITY 


-1440 

-720 

-360 

-180 

-90 

-45 

-20 

-10 


513 


CHAMBER  DURATION.  DAYS 


I»ss,  FRP.  Aluminum 


f ‘ G'\EfR!NG  SCIENCES  AREA 
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ORiSG' 


OF  FCv  - C ‘ 
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PRELIMINAR  . LONG-TERM  TESTING  RESULTS 

JET  PROPULSION  LABORATORY 
G.R.  Mon 

Presentation  Outline 

• VISUAL  OBSERVATIONS 

• ROAD  MAPS 

• PHOTOGRAPHS 

• ELECTRICAL  MEASUREMENTS 


• I V CURVE 

• INSUUTtON  (DIELECTRIC)  DATA 
• DATA  INTERPRETATION 

• IDENTIFICATION  OF  DEGRADATION  MECHANISMS 

• OUANTIFICATION  OF  DEGRADATION  RATES 

• COMPARISON  OF  RESULTS  WITH  RESULTS  FROM  OTHER 
LABORATORY  TESTS  AND  rlELD  EXPERIENCE 
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Visual  Observations  From  Long-Duration  Module  Tests  (112  Days) 


GENERIC 

MODULE 

TYPE 

VISUAL  OBSERVATIONS  , 

85/85 

93/40 

GIASS'FVB.MYI  AR 
AqPASTE 

DISCOLORATION:  PVB 
CORROSION:  CIRCUITRY 
GRID  LINES 

RTViAlUMiNUM 
Ni  SOLDER 

DISCOLORATION  RTV 
MtCROCRACAS  RTV 

SLIGHT  OISCOlOBATIuN  RTV 

GUS&flTV  ALUMINUM 
Ni  SOLDER 

OISCOLGRATION  RTV 
DELAMINATION  AT  TERM^,\v5 

SLIGHT  DISCOLORATION  RTV 

GlASSiPVaTEOLAR 

AflPASTE 

DISCOLORATION  PV6 
CORROSION  CIRCUITriY 
GRIG  LINES 

OISCOLORATiQN;  GRID  LINES 
OELAMWATION;  EDGE  SEAL 

'GLASS  FIBER 
RTV  REINFORCED 
POLYESTER 
T1MA9 

DISCOLORATION  SUBSTRATE 
CORROSION  circuitry 

RIGHT  CORROSION:  CIRCUITRY 

RTV.'C-LASS  riCER 
N>  SOLDER 

WSCOIORATION  SUBSTRATE 
SLIGHT  CORROSION:  CIRCUITRY  ' 

Electrical  Measurements 


• I V CURVE  DATA 


Vqc 

Uc 

'^mp 

^mp 


• DIELECTRIC  DATA 


• ^msuL 
' • Cmsui 

• tan  6 
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Example  J-V  Curve  Results  (85/85  vs  93/40) 


0.0  .5  1.0  1.5  2.0  2.5  3.0  3.5  4.0  4.5 


VOLTAGE  (Veits) 


Summary  of  l-V  Curve  Findings  (112  Days) 


GEV^IUC 

MOOo.£ 

np€ 

.^R,.  % 

^p^,% 

S5/I5  S3/4B 

lY/i;  S3IC0 

15/85  93(4P 

GlA3S<fyB/MnM 
Af  PASTE 

-5  0 

♦108  ♦lO 

-48  1 

RTV/AlUMtiUM 
ii  SOLDER 

-2.5  0 

♦20  9 

2 5 1 

GlASS/ATYiAUmiiiUM 
Ri  SOLDER 

0 a 

0 0 

0 1 

riASSimiTEDlAR 
At  PASTE 

-5  0 

♦88  ♦lO 

23  1 

RTVfGLASS  F»ER 
AElRfORCEO  POLTESTEfI 

TfPA^Ai 

-i  0 

♦180  ♦lO 

\S  1 

RTV)GIASS  FIBER 
Hi  SOLDER 

1 

3 0 

*100  - 

28  1 

i 

• Mm  SUITMCTM6  Trtf  COITIWUTIOI  DUE  TO  LOSS.  THE  POWER  LOSS  RATE  IS 
FOINIO  TO  RE  ROUCHLY  OHE  TEHTM  THE  RATE  OF  SCRIES  REStSTAHCE  IRCREASE. 
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OR!c:?:^i  r 

OF  PO, 


v<--- 


Comparison  Oveiview  of  Wyle  and  Clemson  Tests 


WYLE 

CLEKSOA 

TEST  SFECIMENS: 

MINIMOOULES 

UNEWCAPSULATED  CELLS 

TESTS: 

65/85 

FB 

85/85 

FB 

• 05.‘85 

IJB 

85/85 

UB 

GEREMC  I 

«OOUIE 

ciimsbi 
cm  TYPE 

93/40 

F8 

15  psig  STLAf4/121  FB 

TTPf  ! 

93/40 

UB 

15  psig  STEAM/121  UB 

GUSSifVMfTUII 

A|  PASTE 

i 

0/85 

FB 

0/75 

FB 

RTVJUIMMRVtl 

C j 

m soiOfR 

1 

0/85 

ue 

g/75 

UB 

SlASSyUTVlALIflHIUM 

c 

0/100 

FB 

0/135 

FB 

■i  SOlOf R 

0/100 

UB 

0/135 

UB 

CUSSIfVIlTEDlM 

E 

0/150 

FB 

At  PASTE 

' GIASS  FltlR 

0/150 

UB 

IIT\f/  REIIFORCED 
/ POIYESTER 

a 

i 

0/165 

FB 

TiPi  Af 

ri165 

UB 

RT¥  GIASS  fiffR 

A 

■i  S01D€R 
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OF  poo:;  q 


Behavior  of  Rg  With  B-T  Stress  Time:  Typical  Type  A Cells 


TIME,  h 
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Acceleration  of  Humidity  and  Temperature 


OK  h-o . . . V. 1 1'/ 
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Wyle-Clemson  Test  Comparisons:  Conclusions 


• SERIES  RESISTANCE  INCREASES  ARE  COMPARABLE  IN  THE  WYIE  AND  CIEMSON 
TESTS 

• THE  MAXIMUM  POWER  LOSSES  OUE  TO  DECREASE  ANR  R,  INCREASE  ARE 
SEPARATELY  DETERMINABLE 

• IGN0RIN6  SHUNT,  RESISTANCE  EFFECTS.  THE  RATE  OF  R,  INCREASE  IS 
APPHOXIMATELY  TEN  TIMES  THE  RATE  OF  ASSOCIATED  P„  DECREASE 

• ACCELERATION  CURVES  SUGGEST  THAT.  BASED  UPON  DEGRADATION  OF  SERIES 
RESISTANCE,  THE  FRENCH  AND  THE  BLOCK  V QUALIFICATION  TESTS  ARE 
EQUIVALENT 

• 85/85  TEST  CONDITIONS  REQUIRE  40  250  DAYS  OF  OPERATION  TO  QUALITY 
MODULES  FOR  20  YEAR  FIELD  SERVICE 

• ALL  RESULTS  ARE  PRELIMINARY.  ADDITIONAL  TESTING  AND  ANALYSIS  IS 
NECESSARY  TO  ESTABLISH: 

• PRECISE  DEGRADATION  MECHANISMS  AND  RATES 

• RELIABLE  HUMIDITY/TEMPERATURE  BIAS  QUALIFICATION  TEST  PARAMETERS 
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Research  Plans 


• ADDITIOMAL  TESTING 

• LONGER  DURATION  93/40 

• CONTINUE  TEMPERATURE  ONLY  TESTS 

• NEW  INTERMEDIATE  HUMIDITY/TEMPERATURE  TEST  LEVELS 

• POSSIBLE  RETESTING  WITH  NEW  GENERIC  MOOULE  TYPES 

• DETAILED  FAILURE  MECHANISM  ANALYSIS  AND  DETERMINATION 
OF  FUNCTIONAL  DEPENDENCE 

• CDRRELATIDN  OF  LONG  DURATION  TEST  DATA  WITH  PAST 
AND  FUTURE  CLEMSON  CELL  TESTS 

• REPORTING 

• FAILURE  MECHANISM  STUDY  RESULTS 

• RECOMMENDATIONS  FOR  IMPROVED  DUAL  TEST  PROCEDURES 

• BLOCK  VI 

• INTERNATIONAL  STANDARDS  (lEC) 
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PROJECT  ANALYSIS  AND  INTEGRATION  AREA 

R*  W.  Aster  and  G*  Fox  of  the  Project  Analysis  and  Integration  Area 
(PA&I)  presented  a simulation  program  that  investigates  the  relationship 
between  manpower  requirements  and  equipment  availability  ii  the  presence  of 
scheduled  and  unscheduled  maintenance.  The  program  is  called  the  Personnel 
Simulation  Program  (PSP). 

PSP  runs  on  a microcomputer,  and  was  used  to  check  the  accuracy  of  the 
cost  projections  made  by  Kayex  Corp,  for  Czochralski  ingot  growth.  The 
methodology  can  be  used  for  any  type  of  equipment  or  for  several  types  of 
equipment  sharing  common  operators  or  maintenance  personnel.  PSP  can  be  an 
important  tool  for  optimizing  capital^investment  and  labor-cost  tradeoffs* 


R.  E.  Daniel  of  PA&I  presented  a method  for  optimization  of 
metallization  patterns  at  a Cell  and  Module  Formation  Research  Area 
technological  session  (see  p.  363  and  p.  378). 
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MACHINE/OPERATOR  REQUIREMENT  SIMULATIONS 
(Using  the  Personnel  Simulation  Program) 

JET  PROPULSION  LABORATORY 

R.W.  Aster 
G.  Fox 

The  Problem 

Tha  Parsonnal  Simulation  Program  iPSPi  Was  Davaloped  to 
Invastigata  tha  Ralationship  Botwaon  Manpowar  Raquireirionts 
and  Equipmant  Uptime  (i.e.,  Duty  Rata)  in  the  Prosanca  of 
Scho**uled  and  Random  Oowntimo. 

in  tha  Absancc  of  Long-Tarm  Experience  With  Pilot  Plants. 

MEPSDUs,  and  ESGUs,  This  Analysis  Approach  Can  Assist  in 
tha  Validation  or  Correction  of  Assumptions  Made  by  Process 
and  Equipment  Researchers. 

Essentially,  PSP  Can  Be  Used  to  Determine  tha  Degree  to 
Which  an  Industrial  Process  Has  Been  Successfully  Automat  ed 


The  Classical  Operations  Researci  Model 

The  Case  of  Identical  Work  Stations 


• Steady-State,  Birth-Death  Model 

• Failure  and  Restoral  Rates  (EventsiMinute)  are  Independent  of 
Event  Histories 

• Work  Stations  Ail  Have  Identical  Failure  and  Restoral 
Rates,  and  Required  Personnel 

• Personnel  Availability  Can  Be  Stochastic 
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The  General  Iterative  Model 

An  Extension  of  the  Classical  Mode! 

• Steady-Stats,  Birth-Death  Model 

• Arbitrary  Failure  and  Restoral  Oistributiona  Without  Loss 
of  Memory 

• Service  Discipline  is  by  Assigned  Priorities.  With 
Preemptive  Rejection 

• Personnel  Availability  Can  Be  Stochastic 

• Work  Stations  NedU  Not  Be  Identical 

• Multiple  Personnel  Requirements  per  Work  Station  Can 
Be  Analyzed 

Input/Output  Data 

• Input  Maximum  Number  of  Operaticns 

• Percentage  of  the  Time  Each  Dperator  is  Available 

• Input  Number  of  Work  Stations 

• For  Each  Work  Station  Input 

• Average  Time  to  Failure 

• Average  Time  to  Restoral 

• Minimum  Number  of  Operators  Required  to  Service/Set  up 

• Work  Stations  Are  Input  in  Priority  Order 

• Output  Data  for  Each  Work  Station 

• Percentage  of  Time  in  Operation 

• Percentage  of  Time  Being  Serviced 

• Percentage  of  Time  Waiting  for  Service 

• Output  Data  Final  Operator  Availability  Table 


PROJECT  ANALYSIS  AND  INTEGRATION  AREA 

Deriving  Input  Data 


Histories!  Fersonne!  Profile 


Cumulative  Personnel  Availability 


Construction  of  Failure  and  Restoral  Distributions 

• Sample  Doty  Profile  of  Work  Station 


1 

L- 

.-1  .. 

l 

J— 

REAL  TIME 


• Average  Time  to  Failure  is  the  Average  of  the  Lengths  of 
Tims  Between  a Failure  and  the  Previous  Restoral  to  Operation 

• Average  Time  to  Restoral  is  the  Average  of  ths  lengths 

of  Time  Between  Restorals  to  Operation  and  Titeir  Previous 
Failure  Events 
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Example  Calculations 

Based  on  Kayex  Projections  of  6-inch  Cz  ingot  Pullers 

5 Ingots  per  Crucible 

6 Inch  Diameter 
4 Operations: 

1.  Preparation  (Load  Si,  Melt) 

2.  Growth  (1st  Cycle) 

3.  Recharge  and  Growth  (4  Times) 

4.  Clean  Up  and  Set  Up  for  Next  Crjcible 

Total  Run  Time  4680  min 

Total  Growth  Time  (Kayex  Estimate)  2350  min 

Total  Operator  Time  (Estimated)  8SQ  min 

FurnaceslOperatorjShift  (Kayex  Estimate)  6 

1 5%  Idle  Time  in  Addition  to  Run  Time  (Kayex  Estimate) 


Duration  of  Activities 


Operator 

Minutes 

Machine 

Minutes 

Pull 

Time 

Preparation 

60 

200 

Growth 

60 

680 

479 

RechargelGrowth  (4  Times) 

170 

915 

470 

Clean  and  Set  Up 

90 

140 
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Sensitivity  Analysis  I 


Perfect  Schedule* 

Stochastic  Schedule**  j 

ingots 

Furnaces 

Puli 

Inches 

Pul! 

inches 

Per  Run 

Per  Oper. 

Ratio*** 

Per  Shift 

Ratio 

Per  Shift 

1 

4.1 

0.461 

45 

36.3 

2 

4.3 

0.486 

50 

39.2 

3 

4.4 

0.495 

52 

40.2 

4 

4.4 

0.499 

53 

BQH 

40.7 

5 

4.5 

0.592 

54 

41.1 

‘Non  integer  Machines  per  Operator,  85%  Operator  AvaiiabilitY,  Operators  and 
Furnaces  Never  Idle 


“4  Furnaces  per  Operator,  Long-Term  Average  Idle  Time  for  Equipment  and 
Operators,  but  ltg  Breakdowns 

“‘Time  Spent  Pulling  Usable  Ingot  Divided  by  Total  Time 


Efficiencies  of  Scale 


Operators 

Furnaces 

PcM  Ratio 

Inches/ShiftiOperator 

1 

3 

0.473 

34.1 

1 

4 

0.428 

41.1 

1 

5 

0.376 

45.1 

2 

9 

0.420 

45.4 

4 

18 

0.433 

46.8 

10 

Perfect 

45 

0.473 

51.1 

Schedule 

4.5 

0.502 

54 
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Sensitivity  Analysis  II 

There  ^re  3 Types  of  Failure  Modes; 

1.  Lose  ingot  - Recnvei  by  Recharging  and  Restarting 
Possible  Reason:  Ingot  Turns  Polycrystailine 

Time  to  Recover  347  Machine  Minutes,  70  Man-Miitutes 

2.  lose  Run  - Recover  by  Coinpletiiig  Poly  Ingot,  Cleanup,  Restart 
Possible  Reasons:  Crucible,  Ingot,  Raw  Si  Problems 

Time  to  Recover:  375  Machine  Minutes,  00  Man-Minutes 

3.  Damage  Equipment 

Time  to  Recover:  Not  Available  From  Kayex  at  This  Time 
(Accounted  for  by  15%  Down  Time) 

At  What  Frequency  of  Failures  Do  You  Pull  Fewer  ingots? 

Based  On:  4 Furnaces  per  Operator,  5 Ingots  per  Run,  Variable 
Frequency  of  Type  2 Failures  in  last  Ingot 


Case 

Frequency 

Puli  Ratio 

InchesfShif: 

A 

0% 

0.428 

41.1 

B 

5% 

0.425 

40.8 

C 

7% 

0.424 

40.7 

0 

10% 

0.422 

40.5 

Conclusion  (Based  on  Incomplete  Example  Data):  If  the  Growth  of 
the  5th  Ingot  Fails  7%  of  tha  Time  or  More,  Then  You  Are  Better 
Off  Growing  Fewer  Ingots 


Future  of  This  Methodology 

Development  Steps. 

• Incorporate  a Submodel  :o  Perform  Capitalllabor  Tradeoff 
Optimization  lor  a Type  of  Work  Station,  Given  an  Output 
Requirement 

• Expand  Capability  to  Multiple  Work  Station  Types  and 
Personnel  Types  and  (Possibly)  Buffer  Inventories  to 
Make  Work  station  lnterd‘tpendency  Tradeoff  Studies 

• Document  and  Make  PSP  Widely  Available  for  Applications 
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